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ULTRASTRUCTURAL STUDY OF SPERMIOGENESIS AND THE SPERMATOZOON OF 
M/CROCOTYLE PANCERII (MONOGENEA: POL YOPISTHOCOTYLEA: MICROCOTYLlDAE), 
PARASITE OF MEAGRE ARGYROSOMUS REG/US (PISCES: TELEOSTEI) 
Vann Quilichini, Josephine Foata, and Bernard Marchand 
Laboratory "Parasites & Mediterranean ecosystems," Faculty of Sciences and Technics, University of Corsica, F-20250 Corte, Corse, France. 
e-mail: quilichini@univ-corse.fr 
ABSTRACT: The present work deals with the ultrastructure of spermiogenesis and the spermatozoon of Microcotyle pancerii, a 
gill parasite of meagre Argyrosomus regius collected in Corsican fish farms. Spermiogenesis was rather similar to that observed 
in other polyopisthocotylean Monogenea. The intercentriolar body was different from that described in digeneans. The nuclear 
condensation occurred in 2 successive stages. First, during the nuclear migration in the median cytoplasmic process, the nucleus 
developed a honeycomb-like appearance. Then, after the flagellar fusion, a discontinuous twisting of the chromatin appeared 
along the nucleus, with this process ending in total nuclear condensation. The structure of the spermatozoon is characterized by 
2 axonemes (9 + "I" pattern), a single and continuous field of cortical microtubules, a mitochondrion, and a nucleus. Our 
findings were compared with various ultrastructural features in order to highlight variability within the group. 
For many years, the study of spermiogenesis and the ultra-
structure of the spermatozoon have been used for phylogenetic 
purposes (Ehlers, 1986; Brooks, 1989; Rohde, 1990; Justine, 
1991) in general, and for Monogenea (Justine, Lambert, and 
Mattei, 1985; Justine, 1993) and Cestoda (Bit and Marchand, 
1995) in particular, 
Monogenea were divided into 2 orders: Polyopisthocotylea 
and Monopisthocotylea. The separation of these 2 groups, based 
on the spermatozoon ultrastructure, was proposed by Justine, 
Lambert, and Mattei (1985). Ultrastructural studies of spermio-
genesis and the spermatozoon of polyopisthocotylean mono-
genes have been carried out on 20 species (Tuzet and Ktari, 
1971a; Rohde, 1975; Justine and Mattei, 1984; Watson et aI" 
1995; Cable and Tinsley, 2001). The spermatozoa of Micro-
cotyle erythrini and Microcotyle mormyri were described by 
Tuzet and Ktari (1971a, 1971b). The present work provides new 
information regarding spermiogenesis, namely the.description 
of the nucleus condensation and the intercentriolar body struc-
ture, both of which can be used in phylogeny. Finally, it was 
of interest to study the reproduction process of parasites re-
sponsible for high mortality in fish farming, such as M. pan-
cerii, found in Corsica (Mediterranean island), Other cases of 
fish mortality have been recorded for Microcotyle sebastis in 
Korea (Kim and Cho, 2000; Kim et aI" 2001). 
MATERIALS AND METHODS 
Specimens of M. pancerii Sonsino, 1891 were collected live from 
the gills of the meagre A. regius (Asso, 1801), caught in a Corsican 
fish farm (France) in the summer of 2005. The worms were removed 
from their hosts, fixed in cold (4 C) 2.5% glutaraldehyde in a 0.1 M 
sodium cacodylate buffer, pH 7.2, rinsed in 0.1 M sodium cacodylate 
buffer, pH 7.2. Worms were then post-fixed in cold (4 C) I % osmium 
tetroxide in the same buffer for I hr, dehydrated in ethanol and pro-
pylene oxide, embedded in Spurr low-viscosity resin (Spurr, 1969), and 
polymerized at 60 C for 24 hr. 
Ultrathin sections (60-90 nm) were cut at the level of the testes and 
seminal vesicle on an ultramicrotome (LKB 8800A Ultrotome III, 
Bromma 1, Stockholm, Sweden). Sections were placed on 300-mesh 
copper grids and stained with uranyl acetate and lead citrate following 
Reynolds (1963). 
Sections of 10 specimens were then examined using a Hitachi H-600 
transmission electron microscope, operating at an accelerating voltage 
Received 19 April 2008; revised 8 June 2008, 28 July 2008; accepted 
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of 75 kY, in the laboratory "Parasites & Mediterranean Ecosytems" at 
the University of Corsica (Corte, France). 
RESULTS 
Spermiogenesis 
Observation of M. pancerii testis showed that spermiogenesis 
(Fig. 31) began with the formation of a differentiation zone in 
each spermatid (Fig. 1). This zone is characterized by the pres-
ence of cortical microtubules and 2 centrioles, joined together 
by an inter-centriolar body (Fig. 2). The latter is composed of 
a thin central electron-dense layer (1) and 6 lateral electron-
dense layers (2, 2', 3, 3', 4, 4') separated by electron-lucent 
spaces (Fig. 2). These layers present a symmetrical organization 
and differ according to their position. The 2 external layers (4 
and 4') are discontinuous; layers 1, 3, and 3' are thick, while 
layers 2 and 2' are thin, We observed the presence of numerous 
very thin transverse electron-dense lines in the electron-lucent 
spaces. We also noted the presence of several mitochondria and 
a nucleus in the spermatid (Fig. 1). 
Each centriole gave rise to a flagellum (Fig. 3). Nevertheless, 
the growth of the flagella was not simultaneous, i.e., a first 
flagellum appeared, then a second one (Fig. 3). At the beginning 
of this development, the flagella and the intercentriolar body 
formed an angle greater than 90° (Fig. 3). Then, the flagella 
underwent a rotation (Figs, 4, 5) parallel to the median cyto-
plasmic process, which formed at the distal extremity of the 
differentiation zone (Fig. 6). At the beginning of the rotation, 
an elongated striated rootlet (Figs. 4, 6, 7) appeared that was 
associated with each centriole. The angle formed by the striated 
rootlet and the flagellum was lower than 180° during the rota-
tion (Figs. 4, 5). At the end of the rotation, these 2 elements 
were aligned (Fig. 6). We also noticed the presence of 2 spur-
like elements (Fig. 8) in close side contact with the centrioles 
and the striated rootlets. During the flagellar rotation, the nu-
cleus and the mitochondrion lengthened and migrated into the 
median cytoplasmic process (Figs. 9-11). We observed 2 at-
tachment zones per flagellum on the median cytoplasmic pro-
cess before and during the fusion (Figs. 10-12). The arched 
membranes (Fig. 13) were clearly identified at the beginning of 
the flagellar fusion. This fusion was asynchronous (Fig. 12) and 
occurred in a proximo-distal direction. 
During the spermiogenesis, we focused on the nuclear mod-
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ifications. In the young spermatid, the nucleus has a finely gran-
ular aspect (Fig. 1). During its migration in the median cyto-
plasmic process, the nucleus lengthened and condensation of 
chromatin started with the formation of thin and longitudinal 
filaments (Figs. 6, 9, 11, 12). At the end of nuclear migration 
and after the flagellar fusion, the condensation of the chromatin 
was characterized by a heterogeneous twisting (Figs. 14-16). 
Indeed, we observed a succession of condensed and non-con-
densed chromatin zones. At the beginning of that phenomenon, 
the condensed zones were smaller than the non-condensed ones 
(Figs. 15, 16, 19, 20). At this point, the condensed zones ex-
tended (Fig. 17) until the entire chromatin was condensed at 
the end of the phenomenon (Fig. 18). FinallY1 the spermatozoon 
was formed after constriction of arched membranes (Fig. 13) 
of the old spermatid. 
Spermatozoon 
Overall structure: The ultrastructure of the spermatozoon of 
M. pancerii was characterized by the presence of 2 axonemes 
(of 9 + "1" pattern typical of Trepaxonemata), a nucleus, a 
mitochondrion, and cortical microtubules. The arrangement of 
these elements enabled us to reconstitute the ultrastructure of 
this spermatozoon. Six regions were identified. 
Region I (Figs. 21, 22, 321): This region corresponded to the 
anterior extremity of the spermatozoon. In the anterior part, we 
noticed the presence of some microtubules (Fig. 21). In the 
posterior part of this region, the first axoneme was complete (9 
doublets and the central core); we observed a single field of 25 
cortical microtubules attached to the plasma membrane (Fig. 
22). , 
Region II (Fig. 23, 24,· 32II): The anterior part of this region 
was characterized by the presence of a second axoneme (Fig. 
23). More distally, we noted the presence of a mitochondrion 
(Fig. 24). The number of cortical microtubules increased from 
25 to 45 in the posterior extremity of this region. 
Region III (Fig. 25, 32III): At this level, the 2 axonemes, the 
mitochondrion, and 49 cortical micro tubules were still present. 
The characteristic of the zone was the presence of the nucleus 
(Fig. 25). 
Region IV (Figs. 26, 27, 32N): This region was marked by 
an increase in the number of cortical microtubules to 57 (Fig. 
26) and the narrowing of the nucleus between the anterior (Fig. 
26) and the posterior (Fig. 27) parts of the region. The latter 
was characterized by the distal extremity of the first axoneme 
(Fig. 27), which was identified by the absence of the central 
core and of several doublet microtubules. 
Region V (Figs. 28, 29, 32V): The anterior part of this region 
contained 1 axoneme, the mitochondriOIi, the nucleus, and 60 
cortical microtubules (Fig. 28). This was the maximum number 
of microtubules observed in association with the spermatozoon. 
Indeed, in the posterior part of this region, which was charac-
terized by the absence of the nucleus (Fig. 29), we noticed a 
decrease in the number of cortical microtubules (to about 52). 
Region VI (Figs. 30, 32V/): The anterior part of this region 
was recognized by the posterior extremities of the mitochon-
drion and of the second axoneme. The number of cortical mi-
crotubules also decreased. Finally, the posterior extremity of the 
spermatozoon featured only a few cortical microtubules (Fig. 
30). 
DISCUSSION 
Spermiogenesis 
The process of spermiogenesis in M. pancerii begins with a 
differentiation zone containing 2 centrioles. Each centriole 
gives rise to a flagellum. These flagella rotate and are then 
involved in a proximo-distal fusion with the median cytoplas-
mic process. The 2 centrioles are associated with an intercen-
triolar body and striated rootlets. During the rotation, the nu-
cleus and mitochondria migrate in the differentiation zone. Fi-
nally, the spermatozoon is formed after the narrowing of the 
arched membranes. A similar process has been described in 
other groups of platyhelminths, i.e., the Digenea (Erwin and 
Halton, 1983; Cifrian et al., 1993; Ndiaye et aI., 2003a, 2003b; 
Miquel et aI., 2006) and the Cestoda (Swiderski and Mokhtar-
Maamouri, 1980; Mokhtar-Maamouri, 1982; Brunanska et al., 
2003; Levron et al., 2005). 
Among the polyopisthocotylean monogenes, spermiogenesis 
of the kind associated with other parasitic flatworms has been 
described, i.e., M. mormyri (Tuzet and Ktari, 1971b), Atriaster 
sp. (Justine, 1992), Gonadoplasius sp. (Rohde and Watson, 
1994b), Polylabroides australis (Rohde and Watson, 1994a), 
Neopolystoma spratti (Watson and Rohde, 1995), Concinno-
cotyla australensis (Watson et aI., 1995), Pricea multae (Wat-
son et aI., 1995), Microcotyle sp. (Baptista-Farias et al., 1999), 
and Discocotyle sagittata (Cable and Tinsley, 2001). However, 
this model is not observed in the monopisthocotylean mono-
genes, since spermiogenesis proceeds without an intercentriolar 
body, striated rootlets, flagellar rotation, and proximo-distal fu-
sion (Tappenden and Kearn, 1990; Schmahl and Elwasila, 1992; 
Justine et aI., 1993). 
The structure of the intercentriolar body described in the pre-
sent study is approximately similar to what has been described 
for other polyopisthocotylean species (Tuzet and Ktari, 1971b; 
Watson and Rohde, 1995; Baptista-Farias et al., 1999; Cable 
and Tinsley, 2001). This structure is characterized by 7 elec-
tron-dense layers: 2 are discontinuous (4 and 4'), 3 are thick 
(1, 3, and 3'), and 2 are thin (2 and 2'). Transverse lines are 
present in the electron lucent space between layers 3 and 3'. 
When this structure is compared with the intercentriolar body 
of a digenean that possesses 7 electron-dense layers, several 
distinct differences are apparent. First, the central layer is thin, 
not thick. Second, layers 2 and 2' are thick, not thin. Third, 
transverse lines across the spaces between layers 3 and 3' are 
absent. 
The proximo-distal fusion of polyopisthocotyldean flagella 
with the median cytoplasmic process is completed after the fla-
gellar rotation. The angle formed by the flagellum and the in-
tercentriolar body is greater than 90°. This characteristic, never 
previously reported in a monogean study, is routinely observed 
in digenean species, i.e., Dicrocoelium hospes (Agostini et aI., 
2005), Monorchis parvus (Levron et al., 2004), Helicometra 
Jasciata (Levron et al., 2003), and Fasciola hepatica (Ndiaye, 
Miquel, Fons, and Marchand, 2003). 
During spermiogenesis, we noted the presence of enigmatic 
spur-like elements associated with the centrioles (1 per centri-
ole) and striated rootlets. Moreover, these elements occur only 
in the polyopisthocotylean monogeneans. 
In M. pancerii, condensation of the nucleus occurs in 2 phas-
es. The first phase involves changing the appearance of chro-
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TABLE I. Ultrastructural characteristics of the spermatozoon of M. pancerii compared with the literature on polyopisthocotylean monogeneans.* 
Families and species of 
Polyopisthocotylea Ase Pse F References 
Discocotilydae 
Discocotyle sagittata 1 Ax M + Cable and Tinsley, 2001 
Gastrocotylidae 
Pricea multae I Ax I Ax + Watson et aI., 1995 
Gotocoty lidae 
Gotocotyla acanthura 2 Ax + Justine and Mattei, 1985 
Microcoty lidae 
Microcotyle mormyri 2.Ax 2 Ax Tuzet and Ktari, 1971 b 
Microcotyle pancerii 1 Ax M Present study 
Polylabroides australis I Ax N Rohde and Watson, 1994a 
Pol ystomatidae 
Concinnocotyla australensis 2 Ax + Watson et aI., 1995 
Neopolystoma spratti 2 Ax N Watson and Rohde, 1995 
* Ase, anterior spermatozoon extremity; Ax, axoneme; F, flange; M, mitochondria; N, nucleus; Pse, posterior spermatozoon extremity; (+/-) presence/absence of 
considered character. (Families are in alphabetical order and not in a phylogenetic pattern.) 
matin filaments during the nuclear migration in the median cy-
toplasmic process. The filaments have been previously de-
scribed by several authors as lamellar strands (Schmahl and 
Obiekezie, 1991), scroll-like, interspersed twisted configura-
tions (Cable and Tinsley, 2001), reticulate in appearance (Roh-
de and Watson, 1994b), electron-dense contents (Justine, 1992), 
and or honeycomb-like structures (Baptista-Farias et aI., 1999). 
The second phase is characterized by a progressive twisting of 
the chromatin in a disGontinuous manner along the nucleus and 
is, to our knowledge, the first description for this kind of nu-
clear condensation in platyhelminth spermiogenesis. 
Spermatozoon 
The spermatozoon of M. pancerii possesses 2 axonemes, 
with 9 + "1" pattern of Trepaxonemata (Ehlers, 1984), a mi-
tochondrion (the result of the fusion of several mitochondria 
during spermiogenesis), a nucleus, and cortical microtubules. In 
this spermatozoon, we did not observe external ornamentation 
associated with cortical microtubules. 
Justine, Lambert, and Mattei (1985) proposed that monoge-
nean spermatozoa be grouped in 4 patterns based on the number 
ofaxonemes and the presence or absence of cortical microtu-
buIes. According to these authors, the spermatozoon of M. pan-
cerii corresponds to pattern 1, which is found only among po-
lyopisthocotyleans. The 3 other patterns are present in mono-
pisthocotyleans. 
The spermatozoon of M. pancerii is surrounded by a single 
row of cortical microtubules. Their number increases from the 
anterior extremity of the spermatozoon to the end of the nuclear 
region (Region V) and then decreases to the posterior extremity 
of the spermatozoon. The maximum number observed was 60. 
In other polyopisthocotyleans, the number increases to 75 in C. 
australensis (Watson et aI., 1995), 62 in P. multae (Watson et 
aI., 1995), 55 in P. australis (Rohde and Watson, 1994a), 68 in 
D. sagittata (Cable and Tinsley, 2001), 60 in Protomicrocotyle 
ivoriensis (Schmahl and Obiekezie, 1991), III in Gotocotyla 
acanthura (Justine and Mattei, 1985), and 450 in Diplozoon 
gracile (Justine, Le Brun, and Mattei, 1985). Of interest is that 
the latter species, D. gracile, possesses an afiagellate sperm. 
This unusual feature is not linked to its phylogeny, but corre-
sponds to the peculiar reproductive biology of the species (Jus-
tine, Le Brun, and Mattei, 1985). 
In the case of G. acanthura, the maximum number of cortical 
microtubules is 111, but this number falls to 50-64 in the nu-
clear region, similar to M. pancerii. It has been suggested that 
the high number is related to the presence of an undulating 
membrane. 
FIGURES 10-20. Spermiogenesis in M. pancerii. (10) Cross section of a spermatid showing the migration of the mitochondrion in the median 
cytoplasmic process. Four attachment zones (arrowheads) are present before the flagellar fusion. F1, flagellum' 1 ; F2, flagellum 2; M, mitochondrion. 
(11) Cross section of a spermatid, before the flagellar fusion showing 2 flagella, their attachment zones (arrowheads). The mitochondrion and the 
nucleus migrate in the median cytoplasmic process. FI, flagellum I; F2, flagellum 2; M, mitochondrion; N, nucleus. (12) Cross section of a 
spermatid showing the asynchronous fusion of flagella. F1, flagellum 1; F2, flagellum 2. (13) Longitudinal section of a spermatid showing arched 
membranes (arrowheads). (14) Longitudinal section of a spermatid showing the beginning of the chromatin condensation (arrowhead). (15) 
Longitudinal section of the nucleus of a spermatid showing a succession of condensed zones and non-condensed zones. We notice that the 
noncondensed zones are mor~ important than the condensed zones. Cc, condensed chromatin; Uc, uncondensed chromatin. (16) Longitudinal 
section of a spermatid. The nucleus presents condensed zones and noncondensed zones in equal proportions. Cc, condensed chromatin; Uc, 
uncondensed chromatin. (17) Longitudinal section of a spermatid. We noticed that the condensed zones are more important than the noncondensed 
zones. Cc, condensed chromatin; Uc, uncondensed chromatin. (18) Longitudinal section of a spermatid showing a totally condensed nucleus. (19-
20) Cross section of spermatids at the level of condensed zones and noncondensed zones. Arrowheads indicate cortical microtubules. Ax, axoneme; 
Cc, condensed chromatin; M, mitochondrion; Uc, uncondensed chromatin. Scale bar = 0.4 [Lm. 
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Considering the number ofaxonemes, the presence and dis-
position of the cortical microtubules in a single and homoge-
neous field, and the presence of a single mitochondrion in the 
mature spermatozoon, M. pancerii confirms the homogeneity of 
the polyopisthocotyleans. This homogeneity is interesting for 
phylogeny and contrasts with the heterogeneity of the mono-
pisthocotyleans. Some differences appear in the structure of the 
spermatozoon of species belonging to the group, i.e., the ante-
rior spermatozoon extremity, the posterior spermatozoon ex-
tremity, and the presence of flanges (Table I). 
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SEROEPIDEMIOLOGY OF TOXOPLASMA GONDIIINFECTION IN PREGNANT WOMEN IN 
RURAL DURANGO, MEXICO 
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ABSTRACT: The epidemiology of Toxoplasma gondii infection in pregnant women in rural Mexico is largely unknown. The sero-
epidemiology of T. gondii infection in 439 pregnant women from 9 communities in rural Durango State, Mexico was investigated, 
Using commercial enzyme-linked immunoassays, sera were tested for T. gondii IgG, IgM, and avidity antibodies, Prevalences of 
T. gondii IgG antibodies in the communities varied from 0% to 20%, Overall, 36 (8,2%) of the 439 women had IgG T. gondii 
antibodies, Ten (2,3%) women had also T. gondii IgM antibodies; IgG avidity was high in all IgM-positive women, suggesting 
chronic infection, None of the women, however, had delivered a known T. gondii-infected child. The seroprevalence was signif-
icantly higher (P < 0.05) in women from low socio-economic conditions (14%) than in those with higher socio-economic status 
(6.6%). Multivariate analysis showed that T. gondii infection was associated with soil floors at home (adjusted OR = 2.89; 95% 
CI: 1.12-7.49). This is the first epidemiological study of T. gondii infection in pregnant women in rural Mexico. 
Toxoplasma gondii has a worldwide distribution, Most T, 
gondii infections are asymptomatic and, in some individuals, a 
mild disease including cervical lymphadenopathy or ocular 
problems may occur (Montoya and Liesenfeld, 2004; Hill et aI., 
2005). Primary infection during pregnancy may result in severe 
damage to the fetus (Montoya and Liesenfeld, 2004; Rorman 
et aI., 2006). Epidemiological studies on T. gondii infection in 
pregnant women have focused largely on urban populations. 
The epidemiology of T, gondii infection in pregnant women in 
rural Mexico is essentially unknown. We recently reported se-
roprevalences of 14.8% to 35.8% T. gondii antibodies among 
inhabitants of 3 rural communities in Durango, Mexico (Alva-
rado-Esquivel et aI., 7008). In the present study, we report se-
roprevalence and associated epidemiological characteristics of 
T. gondii infection in pregnant women from wider rural areas 
in Durango State, Mexico. 
MATERIALS AND METHODS 
Study population and study design 
From August 2007 to February 2008 we studied pregnant women of 
9 rural communities (5 de mayo, Colonia Hidalgo, Guadalupe Victoria, 
Santa Clara, Vicente Guerrero, Canatlan, Nuevo Ideal, Santiago Papas-
quiaro, and Rodeo) in Durango State, Mexico. All pregnant women 
attending public prenatal care clinics in the communities were invited 
to participate. Inclusion criteria for the study subjects were pregnant 
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women, of all ages and at any stage of pregnancy, residing in rural 
Durango State. 
Epidemiological data 
Epidemiological data, including socio-demographic, behavioral, and 
clinical characteristics, were obtained from all pregnant women. Socio-
demographic characteristics included age, birth place, place of residen-
cy, occupation, and educational and socio-economic levels. Behavioral 
characteristics included animal contacts, removal of cat excrement, for-
eign travel, contact with soil (gardening or agriculture), eating outside 
of the home, consumption of raw or undercooked meat (pork, lamb, 
beef, goat, boar, chicken, turkey, rabbit, deer, squirrel, horse, fish, snake, 
or other), consumption of dried or cured meat (chorizo, ham, sausages, 
or salami), consumption of unpasteurized milk, milk products, or water, 
and unwashed raw vegetable or fruit consumption. Clinical character-
istics encompassed gestational age, number of pregnancies and abor-
tions, and blood transfusions or transplants, as well as impairment of 
memory, reflexes, hearing, or visual status. Clinical data were obtained 
during a direct interview with the participants. 
Serological tests 
Sera of all pregnant women were assayed for T. gondii antibodies 
using commercially available enzyme immunoassay kits. IgG antibodies 
were assayed using a "Toxoplasma IgG" kit (Diagnostic Automation 
Inc., Calabasas, California). Sera positive for T. gondii IgG antibodies 
were further tested for T. gondii IgM antibodies with a "Toxoplasma 
IgM" kit (Diagnostic Automation Inc.) and T. gondii IgG avidity kit 
(VIDAS Toxo IgG Avidity, BioMerieux, Marcy L'Etoile, France) to 
help determine the timing of infection, e.g., low-avidity antibodies are 
often associated with recently acquired infection (Petersen et aI., 2005). 
All 3 tests were performed following the instructions of the manufac-
turers. A positive IgG test with a negative IgM test, and a positive IgM 
test with a high IgG avidity, was interpreted as a latent infection. 
Ethical aspects 
This study was approved by the ethical committee of the General 
Hospital of the Mexican Social Security Institute in Durango City, Mex-
ico. The purpose and procedures of the study were explained to all 
pregnant women, and written, informed consent was obtained from all 
of them. 
Statistical analysis 
The statistical analysis was performed using Epi Info version 3.3.2 
(CDC, Atlanta, Georgia) and SPSS version 13.0 (SPSS Inc., Chicago, 
Illinois). We used the Yates corrected X2 and the Fisher's exact test 
(when values were <5) for comparison of frequencies among groups. 
Bivariate and multivariate analyses were used to assess the association 
between the characteristics of the women and T. gondii seropositivity. 
As a criterion for inclusion of variables in the multivariate analysis, we 
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TABLE I. Selected general characteristics of pregnant women in rural communities of Durango, Mexico. 
Communities with low Communities with high 
seroprevalence «8.2%) seroprevalence (>8.2%) All communities 
No. of Prevalence of T. gondii No. of infection 
women women 
Characteristic tested* No. % tested* 
Age groups (years) 
20 or less 86 3 3.5 47 
21-30 158 8 5.1 66 
>30 51 2 3.9 25 
Education 
No education 5 0 0 4 
Education 290 13 4.5 135 
Occupation 
Unemployedt 253 13 5.1 127 
Employed:j: 39 0 0 10 
Socio-economic level 
Low 40 4 10 60 
Medium 253 9 3.6 81 
* Pregnant women for which data were available. 
-1- Unemployed = no occupation, student, or housewife. 
:j: Employed ~ employee, professional, business, or other. 
§ Statistically significant difference among the groups, P < 0.05. 
considered variables with a P-value 00::0,25 obtained in the bivariate 
analysis in order to allow interaction among variables. Adjusted odd 
ratio (OR) and 95% confidence interval (CI) were calculated by mul-
tivariate analysis using multiple, unconditional logistic regression. A P-
value <0.05 was consid~red statistically significant. 
RESULTS 
Seroprevalence 
In total, 439 pregnant women consented to be included in 
this project. Of these women, 36 (8.2%) had IgG antibodies 
and 10 (2.3%) also had IgM antibodies; all 10 women with 
IgM antibodies also had high (0.587; 0.528; 0.587; 0.715; 0.34; 
0.4; 0.522; 0.373; 0.719; 0.723) IgG avidity, indicating latent 
T. gondii infection. Seroprevalences in individual communities 
ranged from 0% to 20%: (1) 5 de mayo 16.7% (3/18); (2) Co-
lonia Hidalgo 0% (0/8); (3) Guadalupe Victoria 6.5% (3/46); 
(4) Santa Clara 20% (1/5); (5) Vicente Guerrero 2% (1/49); (6) 
Canathin 5.7% (7/123); (7) Nuevo Ideal 7.7% (1/13); (8) San-
tiago Papasquiaro 15.8% (19/120); and (9) Rodeo 1.8% (1/57). 
Based on the mean seroprevalence (8.2%) found in women of 
all communities, and for comparison purposes, we decided to 
analyze variables in women in 3 groups of communities, name-
ly those with low seroprevalence «8.2%), with high seroprev-
alence (>8.2%), and all communities together. 
Socio-demographic characteristics associated with 
seropositivity 
Most women studied were born in Mexico (99.8%); only 
was born in the United States (0.2%). The mean age of the 
pregnant women was 24.5 yr (range 13 to 42 yr). Most women 
were in their last (42.2%), or their second (38.0%), trimester. 
In addition, the majority of women (61.1 %) had had 2 or more 
Prevalence of T. gondii No. of Prevalence of T. gondii infection infection 
women 
No. % tested* No. % 
5 10.6 133 8 6.0 
12 18.2 224 20 8.9 
6 24 76 8 10.5 
25 9 I 11.1 
22 16.3 425 35 8.2 
21 16.5 380 34 8.9§ 
0 0 49 0 0.0 
10 16.7 100 14 14§ 
13 16 334 22 6.6 
pregnancies at the time they were included in the study. Un-
employed women, students, or housewives had a significantly 
higher (P < 0.05) seroprevalence (8.9%) than employed women 
(0%). Similarly, women from a low socio-economic level had 
a significantly higher (P < 0.05) seroprevalence (14%) than 
women from medium socio-economic conditions (6.6%). Se-
roprevalence showed a slight, but not significant, increase with 
age in communities with high seropositivity and in the whole 
population. No significant differences in age, education, and 
occupation were observed in women among low- and high-
prevalence communities. However, a significantly higher (P < 
0.001) number of women with low socio-economic status 
(42.6%) were observed in high-prevalence communities than in 
low-prevalence (13.7%) communities. General socio-demo-
graphic characteristics of the 439 rural pregnant women, and 
seroprevalences, are shown in Table I. 
Behavioral characteristics associated with seropositivity 
In the bivariate analysis, several variables were identified as 
possible risk factors associated with T. gondii infection in wom-
en of communities with low prevalence, communities with high 
prevalence, or all communities together. Other factors such as 
cats at home; rearing animals in general, raising chickens, birds, 
dogs, and pigs; and consumption of raw cow milk and meat 
from wild animals (squirrel, deer, boar, snake, cougar, skunk, 
ostrich, badger) were significantly higher (P < 0.05) in women 
of communities with a high prevalence of T. gondii infection 
than those in communities with low prevalence. As seen in 
Table II, living in a house with a soil floor (adjusted OR = 
2.89; 95% CI: 1.12-7.49) increased the probability of higher T. 
gondii seropositivity. 
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TABLE II. Multivariate analysis of selected characteristics of rural pregnant women and their association with T. gondii infection. 
Communities with low Communities with high 
seroprevalence «8.2%) seroprevalence (>8.2%) All communities 
Adjusted Adjusted Adjusted 95% Confi-
odds 95% Confidence odds 95% Confidence odds dence 
Characteristic* ratiot interval P value ratiot interval P value ratiot interval P value 
Cats at home 2.42 0.69-8.52 0.16 0.63 0.23-1.75 0.38 1.18 0.56-2.51 0.65 
Cleaning of cat feces 2 0.58-6.87 0.26 2.19 0.81-5.95 0.12 2.04 0.98-4.25 0.05 
Raising animals:j: 1.38 0.34-5.56 0.64 4.51 0.53-37.95 0.16 2.98 0.99-8.98 0.05 
Raw cow milk consumption 0.79 0.23-2.64 0.7 2.11 0.42-10.46 0.35 2.02 0.87-4.72 0.1 
Untreated water consumption 1.87 0.56-6.23 0.3 1.86 0.67-5.09 0.22 1.55 0.75-3.22 0.23 
Wild-animal meat consumption 1.86 0.50-6.90 0.35 0.74 0.24-2.19 0.58 1.19 0.53-2.64 0.66 
Soil floors at home 2.41 0.46-12.68 0.29 3.59 0.99-13.06 0.05 2.89 1.12-7.49 0.02 
* The variables included were those with a P < 0.25 obtained in the bivariate analysis. 
t Adjusted by age and the other characteristics included in this Table. 
=!: This variable represents the raising of any kind of animals. 
Clinical characteristics associated with seropositivity 
Impainnents in memory, reflexes, hearing, and vision, and 
abortion occurred with comparable frequencies in pregnant 
women residing in low- and high-seroprevalence communities. 
Women with a history of abortion had a significantly higher 
seroprevalence of T. gondii IgG; this was the case in both the 
whole population (P = 0.0006) and in women living in com-
munities with high seroprevalence (P = 0.006), but not in those 
living in communities with low seroprevalence. In communities 
with low seroprevalence, the frequency of infection was signif-
icantly higher (P = 0.02) in pregnant women suffering from 
visual impairment than in pregnant women without this health 
problem. Blood transfusion or transplant history did not show 
any association with T. gondii seroprevalence. 
DISCUSSION 
Seroprevalence in pregnant women from rural Mexico in the 
present study (8.2%) is comparable with a 6.1 % seroprevalence 
of T. gondii antibodies in a population of pregnant women at-
tending a public hospital for prenatal care in Durango City (Al-
varado-Esquivel et a!., 2006). In the present study, we observed 
clear differences in seroprevalences of infection among differ-
ent rural communities. Epidemiologic variables (environmental, 
socio-economic, and behavioral) likely contribute to these dif-
ferences in prevalence. Low seroprevalences may be found in 
dry climates (Montoya and Liesenfeld, 2004) and high alti-
tudes, as shown in studies in humans (Hershey and McGregor, 
1987; Rai et a!., 1994). In an attempt to detennine the causes 
for differences in seroprevalences among communities in this 
study, we analyzed environmental characteristics such as alti-
tude, climate, annual mean temperature, annual mean rainfall, 
and presence of wild felines among the communities. However, 
none of these factors appeared to have influenced the seroprev-
alence (data not shown). We then analyzed whether socio-de-
mographic and behavioral characteristics of women differed in 
communities with low and high seroprevalences. In contrast 
with 10w-seroprevalence communities, high-seroprevalence 
communities showed significantly higher frequencies of women 
from low socio-economic status who had animal contacts (cats 
at home, raising animals), poor cooking hygiene practices (raw 
cow milk consumption), and wild-animal meat consumption. 
Frequencies of other characteristics such as age, education, and 
occupation were not significantly different among the commu-
nities. 
We further analyzed characteristics of the women associated 
with T. gondii seropositivity. We observed that seroprevalence 
of T. gondii infection was significantly higher (P < 0.05) in 
unemployed women, students, or housewives than in employed 
women. Similarly, women with a low socio-economic level 
showed a significantly higher seroprevalence than those with a 
medium socio-economic level (P < 0.05). We are not aware of 
similar results in other studies on rural pregnant women. Nearly 
all unemployed women in this study were housewives, and the 
higher seroprevalence in this group than in employed women 
could be explained by the higher exposure to cat excrement. 
The higher exposure to raw meat is explained by their cooking 
activity and poorer hygiene (raising animals and poor sanitary 
facilities at home). 
Multivariate analysis showed that the variable of a soil floor 
at home (adjusted OR = 2.89; 95% CI: 1.12-7.49) was asso-
ciated with T. gondii seropositivity, supporting other findings 
in pregnant urban women (Alvarado-Esquivel et a!., 2006). In 
the present study, contact with cats, untreated water consump-
tion, or contact with soil (gardening, agriculture) did not show 
any association with T. gondii seropositivity. 
Toxoplasma gondii may cause abortion and loss of vision 
(Montoya and Liesenfeld, 2004; Pleyer et aI., 2007), and these 
symptoms were associated with T. gondii seropositivity in the 
present study. However, these associations were not seen equal-
ly among the communities. In 2 previous studies, researchers 
found T. gondii seroprevalences of 44.9% in women with ha-
bitual abortions from central Mexico (Galvan-Ramirez et a!., 
1995) and 47% in women with spontaneous abortions from the 
south of Mexico (Zavala-Velazquez et a!., 1989). Although T. 
gondii may sometimes cause spontaneous abortion, especially 
during the first trimester, there is no evidence that it causes 
habitual abortion (Dubey and Beattie, 1988). Further large-
scale, controlled studies are needed in Mexico before drawing 
any conclusions regarding cause-effect associations between T. 
gondii seropositivity and abortion and a loss of vision. 
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PATTERNS OF INFECTION BY LUNGWORMS, RHABDIAS RANAE AND 
HAEMATOLOECHUS SPP., IN NORTHERN LEOPARD FROGS: A RELATIONSHIP 
BETWEEN SEX AND PARASITISM 
Oluwayemisi K. Dare and Mark R. Forbes 
Department of Biology, Carleton University, 1125 Colonel By Drive, Ottawa, Ontario, Canada, K1S 5B6. e-mail: odare@connect.carleton.ca 
ABSTRACT: We examined a population of northern leopard frogs to determine whether sex biases in investment in immunity, 
previously reported for this host species under controlled exposures to lung nematodes, is predictive of patterns of parasitism in 
nature, We examined Rhabdias ranae and Haematoloechus spp. infections in 74 breeding adult, 28 non-breeding adult, and 53 
juvenile frogs. Contrary to our predictions, R. ranae prevalence and mean abundance were higher in breeding female frogs 
(prevalence: 39.4%, abundance: 3.05 ± 0.85) than on breeding males (prevalence: 26.0%, abundance: 1.17 ± 0.52), although no 
sex bias was observed among non-breeding adults or juvenile frogs. Female frogs also carried larger R. ranae worms, on average, 
than did males (females: 6,407.38 [Lm ± 153.80; males: 5,198 [Lm ± 131.09), regardless of age or breeding condition, We 
observed no sex-linked patterns of parasitism by Haematoloechus spp. worms in either adult or juvenile frogs. Alternative 
hypotheses, such as differences among sexes in the selection of thermal clines for hibernation, may explain the observed female 
bias in parasitism by nematode lungworms in nature and, thus, need to be considered. 
Observational studies on parasitism among amphibians have 
shown sex biases among cohorts of individuals in breeding con-
dition, or just prior to breeding (Tinsley, 1989; Alho et aI., 
2008). In such studies, there are often discrepancies in size and 
reproductive status between males and females. Such factors 
might alone, or together, contribute to a bias between sexes in 
parasitism that is not attributable to sex, per se. This is impor-
tant, as researchers are beginning to investigate which sex is 
more important from the viewpoint of parasite population dy-
namics (Ferrari et aI., 2004); some assessment during the life-
time of individuals is needed, as well as determination of when 
differences in growth mtes or breeding condition are manifested. 
There are also other important considerations about host use 
by parasites. For example, larger individuals, regardless of sex, 
may present more available resources for more parnsites (Esch 
et aI., 1990), while individuals in reproductive condition might 
invest less in resistance to infection in favor of investing re-
sources in reproduction. The extent to which sex biases in sus-
ceptibility to parasites is seen among juveniles, or in adults in 
non-breeding condition, is not well studied. This problem of 
not examining sex biases in parasitism in juveniles, or outside 
of breeding seasons, is inherent in many observational studies 
(Schalk and Forbes, 1997) and limits the ability of researchers 
to identify those individuals that might be most important in 
driving infection dynamics through natural host popUlations. 
Experimental study has shown that differences between sexes 
in parasitism, following controlled exposure to infective larvae, 
is likely mediated by investment in parasite resistance (Dare 
and Forbes, 2008); such sex-linked differences in parasitism are 
found in amphibian species that do not display size dimorphism 
and can be observed as early as metamorphosis (Dare et aI., 
2008). Laboratory experiments using Rhabdias ranae (Nema-
toda) lungworms to infect juvenile northern leopard frogs (Rana 
pipiens syn. Lithobates pipiens) and wood frogs (Rana sylvatica 
syn. Lithobates sylvaticus) have shown that male and female 
hosts do not display disparate capacities to prevent infective 
larval penetration; however, once inside the host, greater num-
Received 23 May 2008; revised 4 August 2008; accepted 14 August 
2008. 
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bers of adult worms establish in the lungs of male hosts than 
in female hosts (Dare and Forbes, 2008; Dare et aI., 2008). 
Northern leopard frogs do not display sexual size dimorphism; 
however, juvenile male leopard frogs develop faster than fe-
males, and variation in R. ranae parasitism among male and 
female northern leopard frogs has been linked to variation in 
investment in developmental rate (Dare et aI., 2008). In addi-
tion, lungworms that successfully penetrate and establish in ju-
venile wood frog hosts achieve larger sizes in male frogs than 
in female frogs. For nematodes, larger sizes generally confer 
greater fecundity (Poulin, 1996b; Tompkins and Hudson, 1999). 
Collectively, these findings suggest a more-reduced immuno-
logical response to lungworm infection in juvenile male frogs 
than in juvenile females. There is a need for studies on sex-
biased patterns of parasitism in relation to host age and breed-
ing state in natural popUlations of species that do not display 
sexual dimorphism; there, researchers can distinguish among 
different cohorts of frogs to determine the extent to which dif-
ferences in investment in resistance (which have been recorded 
in controlled experiments) are apparent in patterns of parasitism 
in nature. 
In the present study, we examined patterns of parasitism of 
2 lung helminths in a natural population of northern leopard 
frogs. Our objectives were to compare male and female adult 
(breeding and non-breeding) and juvenile frogs for R. ranae 
and Haematoloechus spp. (Trematoda) lung infections. Based 
on observations from experimental post-metamorphic leopard 
frogs, we predicted greater susceptibility of male frogs to in-
fection than of female frogs, controlling for age. We also pre-
dicted that breeding frogs would be more susceptible to infec-
tion than non-breeding frogs because of the energetically high 
costs associated with breeding activities. 
MATERIALS AND METHODS 
Frog collections and necropsy 
We collected road-killed northern leopard frogs from Bishops Mills, 
Ontario, Canada (44°52'60.0"N, 75°40'0.0"W). The site of collection 
is an extensive wetland area sectioned by highways. Levels of vehicle-
related mortality are high in this region, particularly during seasonal 
migration periods when cohorts move en masse over a few short days. 
We collected frogs in the spring (2-26 April 2007), as they migrated 
276 THE JOURNAL OF PARASITOLOGY, VOL. 95, NO.2, APRIL 2009 
TABLE I. Prevalence % (Cl) of Rhabdias ranae (R) and Haematoloechus spp. (H) of breeding and non-breeding adult, and juvenile frogs and 
metamorphs. Clopper-Pearson 95% confidence limits (Cl) are provided (following Zar, 1996). Numbers of R. ranae (NR ) and Haematoloechus 
(NH ) worms are also indicated. 
R. ranae 
Cohort N Prevalence % (Cl) 
Breeding adults 74 43.2 (31.7-55.3) 
Non-breeding adults 28 42.8 (24.4-62.8) 
Juveniles 45 37.8 (23.7-53.4) 
Metamorphs 8 0 
from their hibernation sites to breeding ponds, and again in the late 
summer-early fall (11-26 August 2007) when they were moving be-
tween feeding grounds and hibernation sites. A long, warm summer 
followed by a sharp drop in temperature resulted in the absence of a 
typical fall mass movement of frogs back towards their hibernation sites 
for the winter. Thus, we were unable to collect adult or juvenile frogs 
later in the fall. However, we did collect a small number of metamorphs 
(n = 8) on a single day in the fall (11 September 2007). 
We do not believe that there was an influence of infection on migra-
tion/travelling abilities of frogs. The roads on which carcasses were 
collected divided a large wetland area, sometimes separating bodies of 
water; thus, frogs had not travelled far from their ponds before being 
killed on the roads. We also do not believe that escape response to the 
approach of a vehicle was affected by infection, as northern leopard 
frogs respond to approaching vehicles by assuming a crouched stance, 
rather than by leaping away (0. Dare, pers. obs.). However, heavily 
infected individuals may not have survived over winter, and thus our 
samples may only have carried lower levels of infection. 
We brought the frog carcasses back to the laboratory for necropsy 
and identified the age of each individual Guveniles-yearlings and 
adults). We also determined the sex of individuals by the presence of 
secondary sex characteristics (swollen and darkened thumb in males) 
and by examining the gonads, when present. Only frogs that had both 
lungs intact were used for analyses. Rhabdias ranae (nematodes) found 
in the lungs were removed and enumerated. We report prevalence, abun-
dance, and intensity as response parameters for parasitological counts 
(according to Bush et aI., 1997). Rhabdias ranae worm lengths were 
measured with the aid of a dissecting microscope and computerized 
measurement software (Carl Zeiss, Axio vision ReI. 4.6, lena, Germa-
ny). Although all worms removed were intact, some were too damaged 
to measure lengths accurately. These damaged worms (24 of 230 worms 
in total from all adults and juveniles) were not included in our analyses 
of worm length, although they were retained in our tests of abundance 
and intensity. We did not measure lengths of Haematoloechus spp. be-
cause the same association between length and egg output has not been 
reported for flukes. 
Statistical analyses 
For both juveniles and adults, differences in prevalence of R. ranae 
and Haematoloechus spp. lungworm infections between sexes, or be-
tween age/breeding cohorts (adults and juveniles; adult breeding and 
non-breeding), were analyzed with tests of equality of proportion. 
We tested for differences between juvenile frog sexes in intensity of 
R. ranae infections using analysis of variance (ANOYA); we used Krus-
kal-Wallis non-parametric tests to measure sex differences where data 
did not conform to normal distributions, or Levene's test for homoge-
neity of variances. We tested for sex effects on the length of R. ranae 
worms obtained from different individual juvenile frogs using nested 
ANOYA to control for variation in the number of worms carried by 
different individual frogs. 
For adult frogs, we tested for sex and breeding condition effects on 
abundance and intensity of R. ranae infections using ANOYA. We used 
a 3-factor partial-nested ANOYA to test for host breeding condition 
(fixed), sex (fixed), and individual host (random) effects on mean length 
of worms obtained from different individual frogs. Different numbers 
of worms were obtained from each individual frog. Therefore, we tested 
for sex and breeding condition effects by using the partial-nested AN-
OVA model, controlling for any differences among individual hosts that 
Haematoloechus spp. 
NR, Prevalence % (Cl) NH 
124 31.08 (20.8-42.9) 113 
64 35.7 (18.6-55.9) 28 
42 20.0 (9.6-34.6) 44 
0 50.0 (15.7-84.3) 9 
could influence the mean length of worms. Thus, breeding condition 
was crossed with sex, and individual was nested within breeding con-
dition (b.cond) and sex in the following model: worm length = sex + 
b.cond + individual host(sex, b.cond) + sex X b.cond. We then tested 
male and female frogs separately for effect of breeding condition on 
mean worm length of R. ranae worms using ANOY A. 
Tests for sex differences in Haematoloechus spp. intensity and abun-
dance were performed with ANOYA (Kruskal-Wallis tests were used 
for data that were not normally distributed or that did not pass Levene's 
test of homogeneity of variances). 
RESULTS 
Frog collections 
Spring collections consisted of 74 adult frogs, while there 
were 28 adult and 45 yearling Uuvenile) frogs collected in the 
summer. We also collected 8 metamorphs in the fall. The dif-
ference in the sample size between spring and summer adult 
collections is due to the synchronized migrations that occur in 
the spring; synchronization results in higher mortality on nights 
when movement occurs. Juvenile frogs do not migrate to breed-
ing ponds in the spring, so we did not observe any road-killed 
yearling frogs in the spring. Adult movements in late summer 
were less synchronized than in the spring and, thus, fewer 
road-killed adults were found on the roads on any given night. 
Thirty-two of the 74 adult frogs collected in the spring were 
infected with R. ranae. Twelve of the 28 adults collected in the 
early fall were infected, and 17 of the 45 yearling frogs col-
lected in the early fall carried R. ranae worms. None of the 8 
metamorphs collected in the fall was infected with R. ranae. 
Twenty-three of the 74 adult frogs in the spring were infected 
with Haematoloechus spp., while 10 of the 28 adults collected 
in the early fall were infected. Nine of the 45 yearlings were 
infected. Four of the 8 metamorphs were infected with Hae-
matoloechus spp. We detail the numbers of male and female 
adult and juvenile frogs infected with R. ranae and Haemato-
loechus spp. (Table I) and we summarize the prevalence, mean 
abundance, and mean intensity of R. ranae infections among 
adult and juvenile frogs of both sexes (Tables II, III). 
We observed only 13 frogs with dual infections of Haema-
toloechus spp. and R. ranae, but 77 frogs carried one or the 
other lungworm. 
Juvenile frog infections 
The prevalence of R. ranae in yearling frogs collected did 
not differ between the sexes (test for equality of proportions: Z 
= -0.89, P = 0.37). The mean abundance of R. ranae also did 
not differ between male and female juvenile leopard frogs 
(K-W: X2 = 1.62, P = 0.20). When we examined those indi-
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TABLE II. Prevalence (%), mean abundance :<::SE, and mean intensity :<::SE of R. ranae infections in male and female adult (breeding and non-
breeding) and juvenile frogs. N refers to number of frogs sampled. 
Cohort N Prevalence % (range) Abundance Intensity 
Breeding females 20 39.4 (22.9-57.9) 3.05 :<:: 0.85 4.69 :<:: 1.05 
Breeding males 54 26.0 (16.5-37.6) 1.17 :<:: 0.52 3.31 :<:: 1.37 
Non-breeding females 12 50.0 (13.3-59.0) 4.33 :<:: 2.63 8.66 :<:: 4.79 
Non-breeding males 16 37.5 (10.7-50.2) 0.75 :<:: 0.34 2.00:<:: 0.63 
Juvenile females 25 32.0 (14.9-53.5) 0.48 :<:: 0.21 1.50 :<:: 0.50 
Juvenile males 20 45.0 (23.1-68.5) 1.50 :<:: 0.51 3.33 :<:: 0.78 
viduals that carried 1 or more parasite(s). that is, intensity, 
males tended to carry more worms on average (F = 3.68; df 
= 1, 15; P = 0.07). However, the mean length of worms from 
female frogs (5,685.68 ± 576.94 J.Lm) was greater than the 
mean length of worms from male frogs (4,501.92 ± 759.90 J.Lm) 
(F = 10.03; df = 1, 14; P < 0.01). No differences between the 
sexes were observed in Haematoloechus spp. prevalence (Z = 
0.75, P = 0.45), mean abundance (F = 0.56; df = 1,43; P = 
0.46), or mean intensity (F = 0.17; df = 1,7; P = 0.69). 
Adult frog infections 
The prevalence of R. ranae was higher in female than in male 
frogs collected in the spring (just prior to breeding) (Z = 2.30, 
P = 0.02). However, there was no significant difference in prev-
alence of R. ranae in female and male frogs collected in the 
early fall (non-breeding condition) (Z = 0.66, P = 0.51). No 
effect of breeding condition on prevalence was observed when 
we examined each sex separately (males: Z = -0.17, P = 0.87; 
females: Z = 0.84, P '= 0.40). 
Sex and breeding condition did not significantly influence 
mean R. ranae abundance (ANOYA: F = 2.41; df = 3,98; P 
= 0.07). We then examined individual effects, because this 
overall model was borderline significant, and found that females 
carried significantly more worms than males (F = 6.84; df = 
1, 98; P = 0.01), although breeding condition did not signifi-
cantly affect abundance (F = 0.17; df = 1,98; P = 0.68). The 
interaction of effects was also not significant (F = 0.66; df = 
1, 98; P = 0.42). Sex and breeding condition also did not sig-
nificantly influence mean R. ranae intensity (ANOY A: F = 
1.94; df = 3, 29; P = 0.15). 
The mean length of R. ranae worms differed significantly 
between male and female frogs and also among frogs in dif-
ferent breeding condition. Female frogs carried larger worms 
on average than did males in both breeding conditions (partial 
nested ANOYA: Sex F = 4.92; df = 1, 85.78; P = 0.03). The 
mean length of worms from breeding female frogs was 6,407.38 
± 153.80 J.Lm, while the mean length of worms from breeding 
male frogs was 5,198.42 ± 131.09 J.Lm. The mean length of 
worms from non-breeding females was 5,324.62 ± 269.15 J.Lm, 
while the mean length of worms from non-breeding males was 
4,694.89 ± 439.76 J.Lm. Worms from breeding frogs (collected 
in the spring) were significantly larger than those from non-
breeding frogs collected in the early fall (partial-nested ANO-
VA: breeding condition F = 4.96; df = 1, 86.62; P = 0.03). 
The interaction between sex and breeding condition was not 
significant (F = 0.61; df = 1,86.87; P = 0.44). When we tested 
whether breeding condition influenced worm length for each 
frog sex separately, we found that breeding female frogs carried 
larger worms on average than did non-breeding females (F = 
8.25; df = 1, 89; P = 0.01). However, mean length did not 
vary significantly among breeding and non-breeding male frogs 
(F = 0.84; df = 1, 41; P = 0.37). 
The prevalence of Haematoloechus spp. did not differ be-
tween male and female adults in either breeding or non-breed-
ing condition (breeding: Z = 1.01, P = 0.313; non-breeding: Z 
= 0.57, P = 0.57). Sex and breeding condition also did not 
influence the abundance or intensity of fluke infection of adult 
frogs (abundance: F = 1.15; df = 3, 98; P = 0.33; intensity: 
F = 1.33; df = 3, 29; P = 0.29). 
Adult versus juvenile infections 
The prevalence of R. ranae in male or female frogs did not 
differ among yearlings and adults (females: Z = -1.06, P = 
0.29; males: Z = 0.45, P = 0.65). Mean R. ranae abundance 
was significantly influenced by the overall model (ANOY A: F 
= 2.83; df = 3,69; P = 0.04); however, individual-effects tests 
revealed this was driven by the interaction between the two 
effects (sex: F = 1.80; df = 1, 69; P = 0.18; age: F = 2.64; 
df = 1, 69; P = 0.11; sex X age: F = 5.81; df = 1, 69; P = 
TABLE III. Prevalence (%), mean abundance :<::SE, and mean intensity :<::SE of Haematoloechus spp. infections in male and female adult (breeding 
and non-breeding) and juvenile frogs. N refers to number of frogs sampled. 
Cohort N Prevalence % (range) Abundance Intensity 
Breeding females 20 40.0 (19.1-63.9) 2.45 :<:: 0.94 6.13 :<:: 1.67 
Breeding males 54 27.8 (16.5-41.6) 1.19 :<:: 0.36 4.26:<:: 0.93 
Non-breeding females 12 41.7 (15.2-72.3) 0.833 :<:: 0.42 2.0:<:: 0.77 
Non-breeding males 16 31.3 (11.0-58.7) 1.13 :<:: 0.64 3.6 :<:: 1.63 
Juvenile females 25 24.0 (9.4-45.1) 1.36 :<:: 0.99 5.67 :<:: 3.89 
Juvenile males 20 15.0 (3.2-37.9) 0.50:<:: 0.29 3.33 :<:: 0.88 
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0.02). Mean R. ranae intensity did not vary with sex and age 
(ANOVA: F = 2.25; df = 3,25; P = 0.11). 
The prevalence of Haematoloechus spp. did not significantly 
vary with age in either female or male frogs (females: Z = 
-1.10, P = 0.27; males: Z = -1.17, P = 0.24). As well, age 
and sex did not significantly influence mean Haematoloechus 
spp. abundance (ANOV A: F = 0.27; df = 3, 69; P = 0.85) or 
intensity (ANOVA: F = 0.36; df = 3, 15; P = 0.78). 
DISCUSSION 
Contrary to our expectations, adult female northern leopard 
frogs had higher levels of R. ranae infection than did males, 
and breeding males did not appear to be more susceptible to 
infection than did non-breeding males. Exposure to infective 
worms over late spring and summer was likely similar for both 
host sexes, as no difference in prevalence was observed be-
tween male and female juvenile frogs, or between male and 
female non-breeding adults, collected in early fall. However, in 
the spring collections, a higher proportion of adult breeding 
female frogs were infected with R. ranae worms than were 
adult breeding males. We also observed a higher abundance of 
R. ranae in female frogs than in males. Furthermore, the worms 
removed from females were larger than those removed from 
males, regardless of age or breeding condition. Because the 
worms recovered from frogs in the spring were infections car-
ried over from the previous year, it could be that the variation 
observed is due to differences in immune response between 
host sexes. However, we did not measure immunity in this 
study. 
Greater susceptibility to infection is expected to occur for 
adults just prior to, ~nd during, the breeding season when en-
ergetic costs of breeding are high. Breeding males invest con-
siderable resources towards advertising (chorusin~) and active 
combat against competitors to increase reproductive success 
(Emlen, 1976; Judge and Brooks, 2001). Females also expend 
energy in the production of eggs, up to 7,000 in a season (Se-
bum and Sebum, 1998). The high costs associated with mating 
behaviors and egg production may trade off against resources 
for other functions, including defense against parasite infection. 
Our observations were consistent with this expectation; breed-
ing adults were more susceptible to infection than were non-
breeding individuals (see below). However, we found no dif-
ference in worm size in adult males, regardless of breeding 
condition, although worms in breeding females were larger than 
those in non-breeding females. This latter finding suggests a 
greater cost of reproduction for females than for males in terms 
of trade-offs against immunity. 
Differences in the immune response, as a result of differential 
investment in development, were expected. Previous work has 
shown that male northern leopard frogs develop faster than fe-
males (Dare et al., 2008). Although our small sample size of 
metamorphs did not permit comparisons to be made between 
observations on metamorphs in the previous controlled exper-
iment and this natural population, we did find a tendency for 
male yearling frogs to harbor higher numbers of worms than 
did females, which is consistent with previous results using ex-
perimental infections. 
A limitation of observational studies is that they only permit 
speculation about the mechanisms driving the patterns ob-
served. Nevertheless, observations from previous experimental 
work and from our present field study indicate occurrences of 
sex biases in parasitism of R. ranae infections in northern leop-
ard frogs, and these biases are independent of investment in 
size, regardless of host age. 
The proportion of breeding adults infected with R. ranae in 
the spring was similar to the proportion of infected non-breed-
ing frogs in the fall; however, infected frogs collected in the 
spring harbored twice as many worms as the frogs collected in 
the early fall. The similarity in proportions of infected individ-
uals across seasons indicates similar exposure from one year to 
the next. However, the difference in numbers of worms indi-
cates a loss of infection, probably as a result of senescence of 
the mature worms that were carried over the winter, or of an 
increase in investment in immune response after the breeding 
season ended, or both. In natural populations, R. ranae is be-
lieved to undergo only 1 generational cycle in a year, with a 
peak in transmission of new larval infections occurring in the 
late summer and early fall (Baker, 1979). Thus, it is likely that 
the frogs we sampled in the early fall were still acquiring a new 
generation of larval worms to be carried over the winter. The 
damaged condition of the road-killed carcasses precluded a sur-
vey of immature worms in the body cavities of the hosts and, 
therefore, we could not compare rates of worm development 
among seasons. 
Juvenile frogs and non-breeding adults did not differ in the 
proportion of infected individuals or in levels of infection. 
However, we observed a significant interaction between sex and 
age effects on R. ranae abundance and intensity that reflected 
the female bias in infection for adults and the male bias in 
infection for juveniles. 
Patterns of Haematoloechus spp. infection were not associ-
ated with sex, age, or breeding condition. The lack of associ-
ation between levels of parasitism and sex or breeding condition 
might be due, in part, to our inability to distinguish between 
species of the fluke. Haematoloechus is a genus complex of 
morphologically similar species that are difficult to identify 
without genetic testing (Kennedy, 1981; Snyder and Tkach, 
2001; Leon-Regagnon and Brooks, 2003; Bolek and Janovy, 
2007). Furthermore, co-infections of Haematoloechus spp. are 
common. Haematoloechus spp. lung flukes infect a number of 
different dragonfly and damselfly species and are transmitted 
when frogs prey on the odonate intermediate hosts. The similar 
proportions of infected male and female frogs might reflect sim-
ilar feeding habits or dietary preferences between the sexes. 
On the other hand, the species composition of lung flukes 
may differ between age classes of frog hosts. Different species 
within Haematoloechus display varying levels of host-specific-
ity among odonate intermediate hosts. Some species, including 
H. medioplexus and H. varioplexus, exclusively use dragonfly 
hosts, whereas other species· such as H. complexus are gener-
alists and will indiscriminately use dragonflies and damselflies 
as intermediate hosts (Snyder and Janovy, 1994, 1996). This 
specificity may influence the suite of parasites acquired by the 
frogs because northern leopard frogs are indiscriminate feeders, 
with prey choices determined by gape width of the frog (Sebum 
and Sebum, 1998). Juvenile frogs likely feed predominantly on 
smaller damselfly prey and thus, acquire associated flukes, 
while adult frogs may accumulate flukes that infect both dam-
selflies and larger dragonflies. The distribution of odonates in 
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our study area is unknown, so we can only speculate as to 
which species might be present. Further study is needed to ex-
amine whether there are any relationships between prey pref-
erences of various age classes of frogs and the intermediate 
host-specific parasites that might be accrued as a result of such 
age-associated discriminatory feeding patterns. 
Our study revealed that the sex bias in susceptibility to R. 
ranae infection we have observed in juvenile frogs is reversed 
in adult northern leopard frogs from Bishops Mills, Ontario. 
We speculate that the female bias in susceptibility among adult 
frogs results from variation in immune response to parasitism 
(Poulin, 1996a; Moore and Wilson, 2002). Differences in im-
mune response could, in turn, be driven by differential costs of 
reproduction between the sexes that might inhibit the capacity 
for females to mount an effective response to infection. How-
ever, other hypotheses besides differential reproductive costs, 
or growth rate among the sexes, might explain the opposing 
patterns of infection among juvenile and adult frogs. 
The thermal clines of winter hibernacula selected by adult 
male and female leopard frogs could result in a sex bias in 
parasitism among adults, but not in reproductively immature 
frogs. Northern leopard frogs select hibernation ponds that do 
not freeze and excavate shallow depressions in the mud in areas 
of heavy algal growth or around dead stumps (Emery et al., 
1972). The frogs rest in these depressions but are capable of 
limited movement, including swimming, during the winter. In 
the spring, from 5-14 days before female frogs, adult male 
leopard frogs emerge from these hibernation ponds and migrate 
to breeding ponds to chorus (Sebum and Sebum, 1998). This 
early movement in the spring may necessitate male habitation 
of warmer sites in th~ hibernation pond than those chosen by 
adult females in order to permit faster warm-up and earlier sea-
sonal movement of the males. Choice of thermal habitat may 
also influence response to parasitic infection. Sustained low 
temperatures are known to dramatically depress immune re-
sponse by reducing lymphocyte and leukocyte proliferation and 
to inhibit the activity of several key components of the immune 
system in leopard frogs (Cooper et al., 1992; Maniero and Ca-
rey, 1997). 
Parasites that infect cold-blooded hosts also face the chal-
lenge of surviving lower temperatures; however, a reduction in 
host temperature may inhibit the ability to mount an effective 
immune response to infection. Thus, host sex differences in 
optimal thermal climate during the winter could result in vari-
ation in immune capabilities which, in turn, would affect the 
growth and survival of parasitic worms. Indeed, the lower tem-
perature of hosts over the winter is thought to be important for 
the longevity and survival of the R. ranae in hosts (Baker, 
1979). All R. ranae that we found in the breeding adult frogs 
in the spring were gravid females, indicating that they had been 
acquired late in the previous year and had persisted over the 
winter (Baker, 1979). Our observations support the idea that 
females were not able to fight off R. ranae infection over the 
winter as well as the males did. Although we could not detect 
differences between the sexes in Haematoloechus spp. infec-
tions, these flukes also overwinter in the host and are, therefore, 
subject to the same changes in temperature that their hosts ex-
perience. Further studies on hibernation behaviors of northern 
leopard frogs, and on sex-specific immune responses to lower 
temperatures, are needed to test this alternative hypothesis. 
The present study provides a framework to inform future 
studies on the mechanisms behind sex-linked susceptibility to 
parasitism and prompts further examination of the transmission 
dynamics of Haematoloechus spp. 
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ECHINOSTOME METACERCARIAE CYST ELIMINATION IN RANA CLAM/TANS 
(GREEN FROG) TADPOLES IS AGE-DEPENDENT 
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ABSTRACT: Host response to parasite exposure is an important determinant of the outcome of host-parasite interactions, Factors 
such as host body condition and age can strongly influence host response to parasites and infection. This study followed Echi-
nostoma revolutum infection levels in larval green frogs (Rana clamitans) exposed at 2 different ages. Tadpoles at early devel-
opmental stages are more susceptible to the adverse effects of echinostomes. Green frog tadpoles approximately 2 wk apart in 
age and of the same developmental stage can exhibit dramatically different responses to echinostome infection, with the younger 
tadpoles having high rates of mortality and the older tadpoles experiencing no mortality. The goal of the present study was to 
begin to explore the mechanism underlying the striking age-dependent response of tadpoles to echinostomes. I conducted 2 
controlled infection laboratory experiments in which tadpoles were preserved at 6 time points ranging from 4 hr to 1 wk post-
infection (PI). Tadpoles infected at the younger age did not eliminate echinostome metacercariae. However, tadpoles that were 
13 days older at the time of echinostome exposure steadily eliminated metacercariae during the hours and days PI. The absence 
of echinostome cyst elimination in the younger tadpoles likely contributes to their elevated, infection-induced mortality rates. 
Echinostomes are widely distributed across North America, 
and they are capable of causing high rates of mortality in am-
phibians in laboratory experiments (Fried et aI. 1997; Schott-
hoefer, Cole, and Beasley, 2003; Holland et aI., 2007), The 
impact of echinostomes on tadpoles is strongly dependent on 
age and developmental stage (Schotthoefer, Cole, and Beasley, 
2003; Holland et aI., 2007), However, the mechanism under-
lying the difference in tadpole response is unclear, Tadpoles at 
early developmental stages experience higher mortality as a re-
sult of echinostome infection than tadpoles at later develop-
mental stages (Schotthoefer, Cole, and Beasley, 2003; Holland 
et aI., 2007). Tadpoles infected with echinostomes at early de-
velopmental stages can experience generalized edema, a poten-
tial sign of renal disease or failure (Beaver, 1937; Fried et aI., 
1997; Schotthoefer, Cole, and Beasley, 2003; Holland et aI., 
2007), Some echinostomes form metacercariae in t;idpole kid-
neys, and mortality may be the result of renal failure (Martin 
and Conn, 1990; Holland et aI., 2007), The proportion of echi-
nostomes that successfully encyst in the kidneys declines as 
tadpoles develop (Schotthoeffer, Cole, and Beasley, 2003; Bel-
den, 2006; Holland et aI., 2007). This decline in encystment 
could be due to a decrease in the ability of echinostomes them-
selves to encyst, or to an increase in the ability of tadpoles to 
eliminate or destroy echinostome metacercariae, Changes in 
tadpole anti-parasite behavioral responses could also contribute 
to differences in echinostome encystment in tadpoles through 
development (Taylor et aI., 2004; Koprivnikar et aI., 2006), 
Tadpoles develop 2 sets of kidneys in sequence during the 
course of development, and echinostomes are capable of en-
cysting in both. The first kidney type, the pronephroi, have lim-
ited filtration capacity (Fox, 1963). The pronephroi eventually 
recede and disappear concomitant with growth and develop-
ment of mesonephroi, the second set of kidneys (Viertel and 
Richter, 1999), The filtration capacity of the tadpole kidneys 
increases dramatically as the mesonephroi grow and develop 
(Viertel and Richter, 1999). Echinostome metacercariae may be 
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destroyed as the pronephros recede, which could also lead to a 
decrease in encystment as tadpoles develop (Belden, 2006). 
A previous laboratory experiment showed that a l3-day dif-
ference in the age of green frog (Rana clamitans) tadpoles at 
the time of exposure to echinostomes can determine whether 
mortality occurs (Holland et aI., 2007), I conducted 2 laboratory 
experiments to explore the mechanism underlying the dramatic 
difference in response to echinostomes according to tadpole 
age, I tested the hypothesis that tadpole ability to eliminate 
echinostome metacercariae varies according to tadpole age, The 
2 tadpole sizes and stages selected for the present experiments 
were nearly identical to those used in a previous experiment, 
in which smaller tadpoles experienced high mortality, whereas 
the larger, l3-day-older tadpoles did not experience any mor-
tality when exposed to the same number of echinostome cer-
cariae (Holland et aI., 2007). In each of the present experiments, 
I exposed green frog tadpoles to a controlled number of echi-
nostome cercariae and then killed and preserved the tadpoles 
at a range of time points PI. I hypothesized that the older tad-
poles would be more efficient at eliminating echinostome meta-
cercariae than the younger tadpoles, An age-based difference in 
the ability of tadpoles to eliminate echinostome metacercarial 
cysts could help explain the dramatic difference in echino-
stome-induced mortality in tadpoles 13 days apart in age, An 
improved understanding of the impacts of echinostome infec-
tion on tadpoles will allow us to better predict the overall im-
pact of echinostomes on amphibian populations. 
MATERIALS AND METHODS 
Portions of 2 recently laid green frog egg masses were collected on 
22 June 2007 from a pond in Avon, Connecticut (UTM: 18 T 677297 
4631415). A portion of a third recently laid green frog egg mass was 
collected on 25 June 2007 from bentist Pond at Yale Myers Forest in 
Eastford, Connecticut (UTM: 18 T 738078 4647572). The egg mass 
portions were placed in individual 150-L plastic wading pools. Tadpoles 
were fed a 3: 1 mixture of rabbit chow (Kay tee Inc., Chilton, Wisconsin) 
and fish food (TetraMin Inc., Melle, Germany) ad libitum. 
Cercariae obtained from field-collected infected snails were used to 
experimentally infect tadpoles. Planorbella trivolvis snails were col-
lected on 19 June 2007 from a pond in the Otter Creek Watershed, 
Vermont (UTM: 18 T 631114 4878634). I screened the snails for cer-
cariae shedding by placing each snail in a 120-ml plastic specimen cup 
with aged tap water. The sample cups were placed under 60-W incan-
descent lights to induce cercariae shedding, which began within 1-2 hr. 
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I examined cercariae from each shedding snail using a dissecting mi-
croscope to identify echinostome cercariae. After screening, echino-
stome-infected snails were housed at 12 C in aged tap water to minimize 
further echinostome shedding until the experiment was conducted. 
Snails were fed algae tablets (Hikari algae wafers, Kyorin Co. Ltd., 
Himeji, Japan) ad libitum, and water was changed at least twice weekly. 
In addition to morphological identification of echinostome cercariae, I 
performed DNA analysis to provide species identification. Based on 
alignments using the BLAST algorithm available through the National 
Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih.giv/ 
BLAST/), Echinostoma revolutum was the echinostome species used in 
these experiments. 
Experiment 1 ("early" exposure) 
The goal of this experiment was to examine the progression of echi-
nostome infection by observing encystment patterns and tadpole re-
sponse at 6 time points PI. On 29 June 2007, 120 tadpoles (40 from 
each egg mass) were moved indoors, and tadpoles were weighed and 
placed in individual 120-ml containers with 80 ml of aged tap water. 
Tadpoles from the 3 egg masses were divided evenly among treatment 
groups and blocks. The tadpoles were housed in an incubator (model 
818, Precision, Winchester, Virginia) set at 21 C. The incubator con-
tained full-spectrum fluorescent lights (Sunstick, 40 W, Sylvania, Dan-
vers, Massachusetts), and photoperiod was maintained at 14-hr light! 
lO-hr dark throughout the experiment. I changed and replaced the water 
in each container with aged tap water (80 ml) every 3 days. The tad-
poles were fed a finely ground 3:1 mixture of rabbit chow and fish 
flakes after each water change. I calculated the mean tadpole body 
weight, and each tadpole was fed an amount of food equal to 10% of 
the mean total tadpole body weight per day. 
The tadpoles were divided into 10 blocks of 12 tadpoles. Blocks were 
created to account for potential spatial variation within the incubator. 
Six of the tadpoles within each block were exposed to echinostomes, 
whereas the other 6 were not exposed (control). Within the infected and 
control groups, I killed and preserved each tadpole at one of the fol-
lowing time points PI: 4, 6, 24,48,72, and 168 hr (1 wk). Experimental 
infections were carried out on 5 July 2007, and all tadpoles were 
weighed (mean weight'±: 1 SE = 22.7 ± 0.7 mg) before infection. All 
tadpoles were Gosner (1960) stage 25 at the time of infection. To induce 
cercariae shedding, I moved 5 echinostome-infected snails to room tem-
perature (approximately 21 C) and placed them under 60-W incandes-
cent light bulbs. I changed the water in each tadpole container (includ-
ing control animals) before exposing any tadpoles to echinostomes. 
Each of the 60 tadpoles in the "infected" treatment group was exposed 
to 40 echinostome cercariae shed from at least 2 snails. The echino-
stome cercariae were all <6 hr old at the time of exposure, and cercariae 
were counted under a dissecting microscope. The cercariae were count-
ed into petri dishes and then transferred to the tadpole containers. After 
all of the tadpoles in the "infected" treatment group were exposed to 
echinostomes, all tadpoles (including control animals) were returned to 
the incubator. The water was not changed again until 3 days PI. Mem-
bers of the first group (20 tadpoles: 10 control, 10 infected) were killed 
in 10% ethanol 4 hr after the addition of echinostome cercariae to the 
"infected" tadpoles' containers. Half of the tadpoles were preserved in 
70% ethanol, and the other half were fixed in 10% neutral buffered 
formalin for histological analysis. Kidneys fro111 the animals preserved 
in formaldehyde were prepared for histological analysis, which pre-
cluded dissection and obtaining metacercarial cyst counts for these an-
imals. This process was repeated for each of the 5 remaining time 
points. Mortality and edema were scored at each time point. Animals 
that died were preserved immediately upon discovery. At the conclusion 
of the experiment, I dissected the kidneys (pronephroi and mesonephroi) 
and nephric ducts of all but 2 infected tadpoles preserved in ethanol 
(28 tadpoles). Two tadpoles that died during the experiment were dis-
sected, but the animals had begun to decompose and accurate cyst 
counts could not be made. All necropsies were done using a dissecting 
microscope. For each animal, I recorded separate cyst counts for right 
and left pronephros, mesonephros, and nephric ducts. 
Experiment 2 ("late" exposure) 
The second experiment was similar to the first experiment, except 
that the tadpoles were older and larger at the time of echinostome ex-
posure. On 9 July 2007, I moved 60 tadpoles indoors from the wading 
pools and placed them in individual 120-ml sample cups filled with 80 
ml of aged water. The sample cups were then housed in an incubator 
as described for experiment 1. Twenty tadpoles were selected haphaz-
ardly from each of the 3 egg masses, and each tadpole was weighed to 
determine an appropriate food amount. The tadpoles were fed and water 
was changed as described above. 
The tadpoles were divided into 5 blocks of 12 tadpoles each. Tad-
poles from the 3 egg masses were divided evenly among treatment 
groups and blocks. Six of the tadpoles within each block were exposed 
to echinostomes, and 6 tadpoles were not exposed (control). Within the 
infected and control groups, I killed and preserved each tadpole at one 
of the following time points PI: 4, 6, 24, 48, 72, and 168 hr (1 wk). 
Experimental infections were carried out on 18 July 2007 as described 
above, and tadpoles in the "infected" group were exposed to 40 cer-
cariae. The tadpoles in this experiment were 13 days older than the 
tadpoles in the first experiment at the time of echinostome exposure. 
Ideally, I would have exposed the "early" and "late" tadpoles to echi-
nostomes on the same day to ensure that all snail and parasite-related 
conditions were as similar as possible. However, having tadpoles of 
different ages for the "early" and "late" exposures would have required 
using tadpoles from different egg masses for the 2 experiments, trading 
1 form of variation for another. All tadpoles, including control animals, 
were weighed (mean weight ± 1 SE = 73.5 ± 1.7 mg) before infection. 
The mean initial Gosner (1960) stage was 25, with stages ranging from 
25-26. I killed and preserved the tadpoles at their assigned time points 
as described above for experiment 1. Three blocks of tadpoles (36 total) 
were fixed in 10% neutral buffered formalin (for histological analysis), 
and 2 blocks of tadpoles (24 total) were preserved in 70% ethanol. At 
the conclusion of the experiment, I dissected the kidneys (pronephroi 
and mesonephroi) and nephric ducts of all of the infected tadpoles that 
were preserved in ethanol (12 tadpoles) using a dissecting microscope. 
I also necropsied infected tadpoles from 1 block of animals (6 tadpoles) 
preserved in formaldehyde. For each animal, I recorded separate cyst 
counts for right and left pronephros, mesonephros, and ducts. 
Statistical analyses 
I analyzed the cyst counts for each experiment separately, but the 
same statistical analyses were used. I performed a linear regression us-
ing PROC REG in SAS 9.1 (SAS Institute, Cary, North Carolina) to 
determine whether the total number of echinostome metacercariae re-
covered at necropsy varied over time PI. I also performed a second 
order polynomial regression on the metacercarial cyst counts for ex-
periment 1 using PROC REG in SAS 9.1. I conducted 2 separate 
t-tests, the first test to compare left versus right encystment, and the 
second test to compare the extent of encystment in the pronephros ver-
sus the mesonephros. 
I followed edema and mortality for each animal throughout both ex-
periments. Edema was recorded as a binary present (1) or absent (0) 
response for each animal. Edema rates were calculated 24-hr post-echi-
nostome exposure. There was no edema evident at the 4- and 6-hr time 
points, so these animals were excluded from the edema analysis. There 
was no edema or mortality in experiment 2, so the following analyses 
were only conducted for experiment 1. Edema and mortality in infected 
versus uninfected tadpoles in experiment 1 were analyzed in separate 
logistic regressions using PROC GENMOD with a binomial distribution 
and logit link in SAS 9.1. I conducted a third logistic regression to 
determine whether edema and mortality were significantly correlated. 
Animals from the 4- and 6-hr time points (both control and infected) 
were excluded from all 3 regressions because animals at these time 
points did not experience edemll or mortality. All error terms are re-
ported as standard error (SE). 
RESULTS 
Experiment 1 ("early" exposure) 
The mean total encystment across the 28 dissected tadpoles 
was 27.9 ± 1.4. Because the tadpoles were each exposed to 40 
echinostome cercariae, there was a 70% overall encystment. 
The total number of metacercariae recovered in necropsy did 
not vary across the 6 time points (linear regression: R2 = 
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FIGURE I. Regressions of the number of echinostome~metacercarial 
cysts dissected from R. clamitans exposed early in Gosner stage 25 (A; 
R2 = 0.0005, P = 0.9071) and late in Gosner stage 25 (B; R2 = 0.27, 
P = 0.026) to 40 cercariae on time post-infection. 
0.0005, F[1.28] = 0.01, P = 0.9071; Fig. 1). The results of the 
second order polynomial regression were also not significant, 
so only the results from the linear regression are reported (Fig. 
I). The mean encystment for tadpoles killed at 4 hr PI was 24.8 
± 3.5. Encystment was greater overall in the right versus the 
left kidney (t = 3.55, P = 0.0004; Fig. 2A). The mean encyst-
ment in the right kidney was 16.64 ± 1.08, whereas the mean 
encystment in the left kidney was 11.29 ± 1.06. There was no 
overall difference in the encystment in the pronephros versus 
the mesonephros of the dissected animals (t = 0.66, P = 0.26). 
The mean encystment in the pronephros in the pronephros was 
12.21 ± 1.08, whereas it was 11.18 ± 1.14 in the mesonephros. 
Mortality was significantly higher among infected tadpoles 
(logistic regression: x\ = 6.31, P = 0.012). There was 1 death 
(2.5%) in the control group and 11 (27.5%) in the infected 
group. Edema was also significantly greater among infected tad-
poles (logistic regression: X2 1 = 27.52, P < 0.0001). None of 
the controls experienced edema, whereas 92.5% infected tad-
poles were edematous. There was a correlation between tadpole 
edema and mortality (logistic regression: X21 = 6.88, P = 
0.009). 
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FIGURE 2. Mean left and right side kidney echinostome cyst counts 
from dissections of R. clamitans 28 tadpoles exposed early in Gosner 
stage 25 (A) and 18 tadpoles exposed late in Gosner stage 25 (B) to 40 
cercariae. Error bars represent + 1 SE. 
Experiment 2 ("late" exposure) 
The mean encystment across the 18 (35%) dissected tadpoles 
was 14.11 ± 2.17. The mean encystment for tadpoles killed at 
4 hr PI was 22.0 ± 4.6. The total cyst counts decreased with 
time PI (R2 = 0.27, F = 5.98, P = 0.026; Fig. 1). The encyst-
ment was higher overall in the right versus the left kidney (t = 
3.03, P = 0.002; Fig. 2B). The mean encystment in the right 
kidney was 10.22 ± 1.28, whereas in the left kidney it was 3.89 
± 1.66. There was no overall difference in the encystment in 
the pronephros versus the mesonephros of the dissected animals 
(t = 0.59, P = 0.28). The mean encystment in the pronephros 
in the pronephros was 5.72 ± 0.52, whereas in the mesonephros 
it was 6.83 ± 1.80. 
DISCUSSION 
The present study shows that green frog tadpoles are capable 
of destroying or eliminating echinostome metacercariae begin-
ning within hours of post-echinostome exposure. Interestingly, 
the ability to eliminate echinostome metacercarial cysts differed 
by tadpole age. Green frog tadpoles exposed early in Gosner 
(1960) stage 25 did not experience a reduction in the total echi-
nostome cyst counts during the week post-echinostome expo-
sure, whereas green frog tadpoles exposed 13 days later exhib-
ited a 3.8-fold reduction in total echinostome metacercariae 
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counts during the week PI. A previous study showed that this 
same 13-day window in green frog tadpole development marks 
a dramatic difference in the response of green frog tadpoles to 
echinostome infection (Holland et aI., 2007). Tadpoles exposed 
early in Gosner (1960) stage 25 experienced high mortality 
post-echinostome exposure, whereas the 13-day-older tadpoles 
did not experience any mortality after echinostome infection. 
In addition, tadpoles exposed earlier in development experi-
enced extensive edema but not in the older tadpoles (Holland 
et aI., 2007). Similar edema and mortality responses were ob-
served in the present study. It is possible that the difference in 
the ability of the "younger" versus "older" tadpoles to elimi-
nate echinostome metacercariae PI is one of the factors that 
accounts for the observed difference in their mortality response. 
Several studies have shown differences in echinostome en-
cystment in tadpoles based on the age and developmental stage 
of the tadpoles at the time of exposure (Fried et aI., 1997; 
Schotthoefer, Cole, and Beasley, 2003; Belden, 2006; Holland 
et a!., 2007). Schotthoefer, Cole, and Beasley (2003) demon-
strated that echinostome encystment progressively declined as 
leopard frog (Rana pipiens) tadpoles were exposed to echino-
stomes in later developmental stages. Given the steady and rap-
id decline in encystment observed in the older tadpoles in the 
present study, it is likely that at least some of the decline in 
encystment reported by Schotthoefer, Cole, and Beasley (2003) 
was due to an increased ability of the later stage tadpoles to 
eliminate echinostome metacercariae PI. Belden (2006) exposed 
wood frog (Rana sylvatica) tadpoles to echinostomes, dissected 
a subset, and conducted metacercariae counts at weekly inter-
vals beginning 1 wk PI. The tadpoles ranged from Gosner 
(1960) stage 28 through 44 at the time the cyst counts were 
made, with a steady decline in encystment as development pro-
gressed (Belden, 2006). The present study shows that this de-
cline in encystment can also occur on a much short~r time scale 
and can be observed within hours post-echinostome exposure. 
The mechanisms underlying the elimination of echinostome 
metacercariae PI remains unclear. It has been suggested that 
echinostomes that encyst in the pronephroi may be eventually 
destroyed as the pronephroi recede (Belden, 2006). However, 
others have not observed a decline in encystment in the pro-
nephroi as development progresses (Schotthoefer, Cole, and 
Beasley, 2003). The primary mechanism underlying the decline 
in encystment in the present study did not involve recession of 
the pronephroi because the time span of the study was too short 
for the green frog pronephroi to appreciably recede. Although 
it is possible that recession of the pronephroi is a mechanism 
for the loss of echinostome metacercariae in tadpoles during 
later developmental stages, it is unlikely to be the primary 
mechanism at earlier stages. Tadpoles likely either destroy echi-
nostomes through an immune response, or they may eliminate 
the metacercariae by expelling them back through the nephric 
ducts. 
The immune response of larval amphibians to helminths is 
largely unknown (Johnson et a!., 2004), but the response to 
helminths has been examined in some fish (Basch and Sturrock, 
1969; Huizinga and Nadakavukaren, 1997). Goldfish (Caras-
sius auratus) act as a second intermediate host for a related 
trematode parasite, Ribeiroia marini (Basch and Sturrock, 
1969), which encyst as metacercariae in the goldfish scale ca-
nals, triggering a localized and rapid granulocyte infiltration 
(Basch and Sturrock, 1969; Huizinga and Nadakavukaren, 
1997). The granulocytes may release eosinophilic, cytoplasmic 
granules that alter the local scale canal environment so that it 
can expel the metacercariae (Huizinga and Nadakavukaren, 
1997). Similar granuloma formation and granulocyte infiltration 
has also been observed around echinostomes encysted in larval 
amphibians (Martin and Conn, 1990; Holland et aI., 2007). It 
is possible that echinostomes elicit an immune response in lar-
val amphibians similar to the response elicited by R. marini in 
goldfish. Such a response could account for the observed de-
cline in encystment in older tadpoles PI, i.e., as tadpoles de-
velop, their immune systems become more effective (Du-
Pasquier et aI., 1996). The components of the immune system 
necessary to successfully attack or destroy echinostomes may 
not be in place in younger tadpoles. Future studies should be 
aimed at determining whether a tadpole's ability to eliminate or 
destroy echinostome metacercariae PI continues to improve in 
efficiency throughout development. The mechanisms, including 
a possible immune response, underlying the observed decline 
in echinostome encystment in tadpoles PI should be explored. 
The dramatic difference in the response of tadpoles to echi-
nostomes according to age suggests that timing of tadpole ex-
posure to echinostomes is crucial. Environmental conditions, 
such as temperature, affect the rate of both tadpole and echi-
nostome development (Smith-Gill and Berven, 1979; Kiesecker 
and Skelly, 2001; Klockars et aI., 2007; Peterson, 2007; Ko-
privnikar et aI., 2008). Even slight differences in the develop-
mental rate of either tadpoles or echinostomes could completely 
alter the response of tadpoles to echinostome infection. Shifts 
in the timing of cercariae shedding from snails could also play 
a role in determining which amphibian species are most af-
fected by echinostomes. To understand the impact of echino-
stomes on the broader amphibian community, it is important to 
compare the response of amphibians to echinostomes across 
amphibian species. The impact of Ribeiroia ondatrae, another 
trematode generalist parasite that infects amphibians, does seem 
to vary across amphibian species (Johnson et a!., 1999, 2001; 
Schotthoefer, Koehler et a!., 2003). Studies of other generalist 
parasites have shown that the parasites can affect community 
composition by having differential impacts across species 
(LaDeau et a!., 2007). Subtle shifts in the timing of cercariae 
shedding and amphibian development could have profound ef-
fects on echinostome infection dynamics both within, and 
across, amphibian species. 
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DESCRIPTIONS OF EIGHT NEW SPECIES OF FEATHER LICE IN THE GENUS 
COLUMBICOLA (PHTHIRAPTERA: PHILOPTERIDAE), WITH A COMPREHENSIVE 
WORLD CHECKLIST 
Sarah E. Bush, Roger D. Price*, and Dale H. Claytont 
Natural History Museum, University of Kansas, Lawrence, Kansas 66045-7163. e-mail: bush@bi%gyutah.edu 
ABSTRACT: Eight new species of lice in the genus Columbicola Ewing are described: C. harbisoni (type host: Phaps histrionica 
(Gould)), C. koopae (type host: Geophaps scripta (Temminck)), C. eowilsoni (type host: Geophaps smithii (Jardine and Selby), 
C. wombeyi (type host: Geophaps plumifera Gould), C. masoni (type host: Petraphassa rujipennis Collett), C. waiteae (type host: 
Columba leucomela Temminck), C. rodmani (type host: Geopelia humeralis (Temminck)), and C. smithae (type host: Turtur 
brehmeri (Hartlaub)). Also, we provide' a comprehensive checklist for the 88 known species of Columbicola (Phthiraptera: 
Ischnocera) and their pigeon and dove hosts (Aves: Columbiformes), 
Species of Columbicola Ewing have been the subject of a 
considerable amount of recent work on host-parasite co-evo-
lution (Clayton et aI., 1999, Clayton and Johnson, 2003, John-
son et aI., 2005), host specificity (Johnson et aI" 2002, Bush 
and Clayton, 2006), and host-parasite ecology (Clayton et aI., 
2005, Bush et aI., 2006, Bush and Malenke, 2008, Harbison et 
aI., 2008). These studies, which focus on central themes of evo-
lutionary ecology, are made possible by a solid alpha-taxonom-
ic framework and robust sampling of lice within Columbicola, 
Recent collecting efforts have yielded additional material, in-
cluding 8 new species, which we describe herein, thereby bring-
ing the total recognized Columbicola to 88 species, A compre-
hensive host-parasite checklist including all of these species 
and their host associations is presented (Appendix I). 
MATERIALS AND METHODS 
Newly collected specimens were preserved in 95% EtOH and later 
mounted in Canada balsam on standard microscope slidesiollowing the 
procedure described by Price et al. (2003). Holotypes are deposited at 
Oklahoma State University (OSU), Stillwater, Oklahoma, and paratypes 
are deposited at OSU and the Price Institute of Phthirapteran Research, 
University of Utah, Salt Lake City, Utah (PIPeR), All specimens were 
examined and measured using a Nikon DIC/phase-contrast microscope 
(Nikon Instruments, Melville, New York). All measurements are in mm, 
Abbreviations are: APW, dorsoanterior head plate width; HW, head 
width; HL, head length at midline; HLlHW, ratio of head length to head 
width; SL, antennal scape length; PW, prothorax width; MW, metatho-
rax width; GW, male genitalia width; and TL, total length at midline, 
Host classification follows that of the Howard and Moore Checklist 
(Dickinson, 2003), with the exception that New World Columba are 
classified as Patagioenas Reichenbach (see Johnson et aI., 2001). 
REDESCRIPTION 
angustus species group 
(Figs. 1-20) 
Diagnosis: Group includes 11 species from the following host genera: 
Gallicolumba Heck, Geopelia Swainson, Geophaps G. R. Gray, Mac-
ropygia Swainson, Ocyphaps G. R, Gray, Petrophassa Gould, Phapi-
(reran Bonaparte, Phaps Selby, and Reinwardtoena Bonaparte. Species 
in this group have the following characteristics: body elongate; each 
side of metanotum with 2 long, 2 short setae; anterior marginal head 
carina complete (as in Fig. 3), either rounded or indented; anterior mar-
Received 24 July 2008; revised 10 September 2008; accepted 3 Oc-
tober 2008. 
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ginal head setae vary from fiat, blade-like setae (as in Fig, 3) to filiform 
setae (as in Fig. 8). Male antenna with enlarged scape, spur on third 
segment (as in Fig, 3); mesosome triangular, tightly wedged between 
long, thin parameres, with 2-6 pores (as in Fig. 1), Female subgenital 
plate groove elongate (as in Fig, 2), either narrow or broad; lateral setae 
either lacking or, if present, quite short. 
Co/umbico/a taschenbergi Eichler 
Male: Head as in Adams et al. (2005: Fig. 81); scape and third an-
tennal segment enlarged, medioposterior setae exceeding posterior head 
margin, 0.09-0,14 long, Mesosome triangular with 2 pores, mesosome 
wedged between long, thin parameres. Dimensions include: APW,0.14-
0.16; APL, 0.07-0.08; HW, 0.32-0.35; HL, 0.59-0.63; HLlHW, 1.71-
1.84; SL, 0.16-0.18; PW, 0.27-0.31; MW, 0,34-0.40; GW, 0,08-0.09; 
TL,2.57-2.81. 
Female: Subgenital plate groove peaked, ovoid anteriorly, constricted 
medially, widening posteriorly, with up to 5 setae «0.01 long) on each 
side. Dimensions include: APW, 0.15-0.16; APL, 0,07-0.09; HW, 0.38-
0.43; HL, 0,60-0.65; HLIHW, 1.67-1.78; SL, 0.06-0.07; pw, 0,30-
0.31; MW, 0.38-0.43; TL, 3.09-3,16. 
Taxonomic summary 
Type host: Reinwardtoena reinwardtii (Temminck), 
Material: Three males, 5 females, ex Reinwardtoena reinwardtii, 
Papua New Guinea: Gulf Province, 30 July 2002, D, H, Clayton, SEA-
266 and SEA-276 (OSU, PIPeR), including specimens from the same 
host individual as specimen 71 from Johnson et al. (2007; Co-
tas.8.19,2003.9), which was not measured because it was a nymph, 
Remarks 
This species was originally described by Eichler (1942) based on a 
single male specimen, This is the first description of the female of this 
species. In addition, we provide measurements for 3 male specimens. 
DESCRIPTIONS 
Co/umbico/a harbisoni n. sp. 
(Figs. 1-2) 
Male: Head similar to Columbicola angustus (Rudow) (also de-
scribed in Adams et aI., 2005), J?ut with smaller HLlHW ratio; scape 
and third antennal segment enlarged; medioposterior setae 0,04-0.05 
long, Genitalia as in Figure I; mesosome triangular with rounded an-
terior indentation and 2 pores, Dimensions include: APW, 0,12-0.13; 
APL, 0.04-0.05; HW, 0.27-0.28; HL, 0.53-0.57; HLIHW, 1.96-2,11; 
SL, 0,11-0,13; PW, 0,21-0,22; MW, 0,28-0,30; GW, 0,08; TL, 2.19-
2.24. 
Female: Ventral terminalia as in Figure 2, with scaling anterior to 
subgenital plate groove, Subgenital plate groove peaked, ovoid anteri-
orly, constricted medially, widening posteriorly, with 3-5 short setae 
(0.01 long) on each side. Dimensions include: APW, 0.13-0.14; APL, 
0.05-0,06; HW, 0.27-0.28; HL, 0.57-0,59; HLlHW, 2.04-2.15; SL, 
0,06; PW, 0.21-0,23; MW, 0.28-0.31; TL, 2.46-2,59, 
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1· ..... . \ 
FI R 1- 15. olumbicola harbisoni: (1) male g nitalia and (2) ~ mal genital ia. olumbi ola koopa : (3) mal d r al head, (4) th raci 
ternal plate, (5) lat ral a d men, (6) male genitalia, and (7) femal g nitalia. olumbi ola wombe i: (8) mal d r al h ad (9 lateral abd m n, 
and (10) mal genitalia. oLumbi ola masoni: (11) male d r al h ad (12) th ra i ternal plate, (13) mal ~ nita lia (14) ~ male d r al h ad and 
(15) female geni talia. 
Taxonomic summary 
Remarks 
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22 
28 
25 
olul11bicola lVaiteae: (16) mal d r al head, (17) thora i lernal pIal , ( IS) mal genitalia. (19) ~ mal d r. al h ad. and 
olumbi ola rodmani: (21 ) mal g nilalia, (22 th ra ic I rnal pIal , and (23) ~ mal g nitalia. olul11bi ola smithae: (24) 
·t rnal pIal , (26) mal genitalia, (27) ~ mal d r al h ad, and (2S) female g nilalia. 
Co/umbico/a koopae n. sp 
(Figs. 3-7) 
lhird ant nnal gmenl n-
terior h ad margin, O. 
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0.09 long. Anterior marginal head setae typically flattened and blade-
like, but occasionally quite slender. Thoracic sternal plate shaped as in 
Figure 4. Pleural thickenings of lateral abdomen scaled (Fig. 5). Geni-
talia as in Figure 6; mesosome triangular, laterally thickened, with 2 
pores, parameres with medial expansions. Dimensions include: APW, 
0.13-0.14; APL, 0.03-0.04; HW, 0.27-0.28; HL, 0.50-0.52; HLIHW, 
1.79-1.89; SL, 0.13-0.14; PW, 0.21-0.23; MW, 0.31-0.34; GW, 0.08-
0.10; TL, 2.13-2.30. 
Female: Thoracic sternal plate shaped as in Figure 4. Pleural thick-
enings of lateral abdomen scaled (Fig. 5). Ventral terminalia as in Figure 
7, with scaling lateral to anterior subgenital plate groove. Subgenital 
plate groove peaked, ovoid anteriorly, constricted medially, widening 
posteriorly, and up to 2 setae «0.01 long) on each side. Dimensions 
include: APW, 0.13-0.16; APL, 0.04-0.05; HW, 0.25-0.29; HL, 0.52-
0.55; HLIHW, 1.90-2.08; SL, 0.05-0.06; PW, 0.19-0.23; MW, 0.29-
0.34; TL, 2.35-2.67. 
Taxonomic summary 
Type host: Geophaps scripta (Temminck). 
Type material: Holotype male, ex G. scripta, Australia: Queensland, 
Mitchell River, 28 October 2001, T. Chesser, ANWC 29698 (OSU). 
Paratypes, all from type host species: 3 males, 5 females, same data as 
holotype, including specimen 45 from Johnson et al. (2007; 
CospGescr1.8.2003.1O); 2 males, 2 females, Australia: 15 August 1970, 
1. Mason, ANWC 16123 (OSU, PIPeR). 
Etymology: This species is named in honor of Jennifer Hutchens 
Koop, University of Utah, Salt Lake City, Utah, in recognition of her 
work on avian defenses against lice and other ectoparasites. 
Remarks 
This species keys to couplet 15 of Adams et al. (2005). It shares 
long, hair-like PMHS with C. tschulyschman Eichler and C. mckeani 
Tendeiro, but has larger dimensions than C. tschulyschman and C. koo-
pae; it also has a smaller HW/HL ratio than C. mckeani. Although the 
genitalia most closely resemble those of C. mckeani, the male genitalic 
parameres of C. koopae have distinct medial expansions. In addition to 
morphological characteristics, the placement of C. koopae within the 
angustus species group is supported molecularly. Phylogenetic recon-
structions of Columbicola based on COl, 12S, and EF-la place C. koo-
pae as a close relative of C. mckeani ex Ocyphaps lophotl!~ (Temminck) 
(see Johnson et al., 2007). . 
Columbicola eowilsoni n. sp. 
(Figs. 3, 6, 7) 
Male: Head similar to C. koopae (Fig. 3), but with a smaller HLIHW 
ratio; scape and third antennal segment enlarged; medioposterior setae 
exceeding posterior head margin, 0.07-0.09 long. Anterior marginal 
head setae slender. Genitalia similar to C. koopae (Fig. 6); mesosome 
triangular, laterally thickened, with 2 pores, parameres with medial ex-
pansions. Dimensions include: APW, 0.12-0.14; APL, 0.03; HW, 0.28-
0.30; HL, 0.47-0.50; HLIHW, 1.63-1.68; SL, 0.14-0.15; pw, 0.21-
0.23; MW, 0.31-0.33; GW, 0.09; TL, 2.09-2.22. 
Female: Anterior marginal head setae flattened. Ventral terminalia 
similar to C. koopae (Fig. 7) with 2-3 setae «0.01 long) on each side. 
Dimensions include: APW, 0.13-0.15; APL, 0.04-0.05; HW, 0.28-0.31; 
HL, 0.51-0.56; HLIHW, 1.76--1.87; SL, 0.06; pw, 0.21-0.23; MW, 
0.31-0.36; TL, 2.36--2.57. 
Taxonomic summary 
Type host: Geophaps smithii (Jardine and Selby). 
Type material: Holotype male, ex G. smith ii, Australia: Northern Ter-
ritory, 25 September 2003, D. H. Clayton, ANWC 33045 (OSU). Para-
types, all from type host species: 1 male, 4 females, same data as ho-
lotype; 1 male, 1 female, Australia: Northern Territory, 25 September 
2003, D. H. Clayton, ANWC 33004, which are specimens 47 and 48 
from Johnson et al. (2007; Cosp.Gesmi.1.27.2004.9 and Cosp.Gesmi. 
1.27.2004.10); 2 males, 1 female, Australia: Northern Territory, 24 Sep-
tember 2003, D. H. Clayton, ANWC 22908 and 33997 (OSU, PIPeR). 
Etymology: This species is named in honor of Dr. Edward O. Wilson, 
Harvard University, Cambridge, Massachusetts, in recognition of his 
influential work on the biodiversity and conservation of all organisms, 
large and small. 
Remarks 
Similar to C. koopae ex Geophaps scripta, but C. eowilsoni tends to 
have a larger HW and smaller HLIHW ratio. In addition to morpholog-
ical similarities, C. eowilsoni is genetically similar to C. koopae. Phy-
logenetic reconstructions of Columbicola based on COl, 12S, and EF-
la indicate that C. eowilsoni is the sister taxon to C. koopae (see John-
son et aI., 2007). 
Columbicola wombeyi n. sp. 
(Figs. 8-10) 
Male: Head as in Figure 8; scape and third antennal segment en-
larged; medioposterior setae exceeding posterior head margin, 0.10 
long. Anterior marginal head setae filiform. Pleural thickenings of 
lateral abdomen without scales (Fig. 9). Genitalia as in Figure 10; 
mesosome triangular, laterally thickened with 2 pores, parameres with 
medial expansions. Dimensions include: APW, 0.14; APL, 0.03; HW, 
0.32; HL, 0.47; HLlHW, 1.47; SL, 0.12; PW, 0.21; MW, 0.29; GW, 
0.08; TL, 1.97. 
Female: Subgenital plate groove peaked, ovoid anteriorly, constricted 
medially, widening posteriorly, and up to 2 setae «0.01 long) on each 
side. Dimensions include: APW, 0.16-0.17; APL, 0.04; HW, 0.33; HL, 
0.54-0.55; HLIHW, 1.64-1.67; SL, 0.06; PW, 0.22-0.23; MW, 0.34; 
TL, 2.22-2.33. 
Taxonomic summary 
Type host: Geophaps plumifera Gould. 
Type material: Holotype male, ex G. plumifera, Western Australia: 
Strelly River, 9 May 2002, T. Chesser, ANWC-33047, which is speci-
men 49 from Johnson et al. (2007; CospGeplu. 1.8.2003. 16 (OSU). Para-
types, all from type host species: 2 females, Australia: Northern Terri-
tory, 20 October 2002, D. H. Clayton, ANWC-33467, including spec-
imen 50 from Johnson et al. (2007; CospGeplu.7.7.2003.13; OSU and 
PIPeR). 
Etymology: This species is named for John Wombey, Australian Na-
tional Wildlife Collection, Canberra, Australia, in recognition of his 
contributions to Australian ornithology and his critical assistance in col-
lecting bird lice. 
Remarks 
This species can be distinguished from C. koopae and C. eowilsoni 
by the shape of the male genitalia and its unique anterior head shape. 
Although blade-like anterior marginal head setae (AMHS) are typical 
of most species of Columbicola, the AMHS of C. wombeyi are filiform. 
These filiform AMHS are similar to those of C. masoni (described be-
low). In addition to morphological characteristics, the placement of C. 
wombeyi within the angustus species group is supported molecularly. 
Phylogenetic reconstructions of Columbicola based on COl, 12S, and 
EF-la place C. wombeyi within a clade of lice that includes C. koopae 
and C. eowilsoni, which are lice in the angustus species group found 
on other species of Geophaps (see Johnson et aI., 2007). 
Columbicola masoni n. sp. 
(Figs. 11-15) 
Male: Head as in Figure 11; scape and third antennal segment en-
larged; medioposterior setae exceeding posterior head margin, 0.07-
0.10 long. Anterior marginal head setae filiform. Thoracic sternal plate 
shaped as in Figure 12. Genitalia as in Figure 13; parameres mesosome 
triangular, laterally thickened with 6 pores. Dimensions include: APW, 
0.14-0.15; APL, 0.03-0.04; HW, 0.31-0.32; HL, 0.49-0.53; HLIHW, 
1.58-1.71; SL, 0.14-0.15; PW, 0.26-0.29; MW, 0.37-0.40; GW, 0.08-
0.09; TL, 2.43-2.53. 
Female: Head as in Figure 14. Anterior marginal head setae filiform. 
Thoracic sternal plate shaped as in Figure 12. Ventral terrninalia as in 
Figure 15, with scaling in subgenital plate groove. Subgenital plate 
groove peaked, ovoid anteriorly, slight constriction posteriorly, and 
4-7 setae «0.01 long) on each side. Dimensions include: APW,O.13-
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0.16; APL, 0.03-0.04; HW, 0.30-0.35; HL, 0.51-0.58; HLlHW, 1.59-
1.76; SL, 0.06; PW, 0.27-0.30; MW, 0.37-0.41; TL, 2.58-2.80. 
Taxonomic summary 
Type host: Petrophassa rujipennis Collett. 
Type material: Holotype male, ex P. rujipennis, Australia: Northern 
Territory, 28 October 2003, D. H. Clayton. Paratypes, all from type host 
species: 5 males, 6 females, same data as holotype, including specimens 
54 and 55 from Johnson et al. (2007; Cosp.Peruf.1.27.2004.12 and 
Cosp.Peruf.1.27.2004.13); 2 males, 4 females, Australia: 1. Mason, col-
lected from a barrel of 56 P. rujipennis preserved in alcohol. 
Additional material: Five males, 6 females, ex Petrophassa albipen-
nis Gould, Australia; Northern Territory, 20 October 2002, D. H. Clay-
ton, ANWC-33493 and ANWC-33469, including specimens 51 and 52 
from Johnson et al. (2007; Cosp.Pealb.5.14.2003.13 and Cosp.Pealb.5. 
14.2003.14); I female, Australia: 7 June 1982, ANWC-41241 (OSU, 
PIPeR). 
Etymology: This species is named for Ian Mason, Australian National 
Wildlife Collection, Canberra, Australia, in recognition of his contri-
butions to Australian ornithology and his critical assistance in collecting 
bird lice. 
Remarks 
Columbicola masoni shares filiform anterior marginal head setae 
with C. wombeyi; however, the former can be distinguished from the 
latter by differences in head shape and genitalia. The head of C. ma-
soni is textured with small indentations along lateral posterior margins 
(Figs. II, 14). The male genitalia have a triangular mesosome, as do 
the other members of this species group, but C. masoni is the only 
species in the group to have 6 pores. In addition to the morphological 
characteristics, the placement of C. masoni within the angustus spe-
cies group is supported molecularly. Phylogenetic reconstructions of 
Columbicola, based on COl, l2S, and EF-la place C. masoni in a 
clade with other lice in the angustus species group (Johnson et aI., 
2007). Morphologically, the lice from P. rujipennis and P. albipennis 
are inseparable; however, molecular data indicate that lice from these 
2 hosts are quite divergent. Although these lice may represent cryptic 
species, we are conservatively recognizing them both as C. masoni 
on the basis of morphology. 
Co/umbico/a guimaraesi species group 
Co/umbico/a waiteae n. sp. 
(Figs. 16-20) 
Adult: Body elongate; each side of metanotum with 2 long, 2 short 
setae. 
Male: Head as in Figure 16; scape and third antennal segment en-
larged; medioposterior setae exceeding posterior head margin, 0.07-
0.09 long. Thoracic sternal plate shaped as in Figure 17. Genitalia as 
in Figure 18; mesosome ovoid, laterally thickened, with 6 pores, and 
parameres with medial expansions. Dimensions include: APW, 0.12-
0.13; APL, 0.07-0.08; HW, 0.29-0.31; HL, 0.54-0.56; HLIHW, 1.86-
1.93; SL, 0.14-0.15; PW, 0.23-0.24; MW, 0.29-0.33; GW, 0.10-0.11; 
TL, 2.33-2.58. 
Female: Head as in Figure 19. Ventral terminalia as in Figure 20. 
Subgenital plate groove ovoid, thickened anteriorly, constricted medi-
ally, widening posteriorly, with 3-6 setae (0.02-0.035 long) on each 
side. Dimensions include: APW, 0.13-0.14; APL, 0.08; HW, 0.31-0.34; 
HL, 0.58-0.61; HLlHW, 1.87-1.97; SL, 0.06; PW, 0.23-0.26; MW, 
0.31-0.34; TL, 2.68-2.90. 
Taxonomic summary 
Type host: Columba leucomela Temminck. 
Type material: Holotype male, ex C. leucomela, Australia: New 
South Wales, 9 September 2003, 1. Mason and J. Wombey, ANWC-
33890 (OSU). Paratypes, all from type host species: 3 males, 4 females, 
same data as holotype, including specimen 103 from Johnson et al. 
(2007; Cosp.Coleu.1.27.2004.7; OSU, PIPeR). 
Etymology: This species is named in honor of Jessica L. Waite, Uni-
. versity of Utah, Salt Lake City, Utah, in recognition of her work on the 
ecology of parasite interactions. 
Remarks 
This species keys to couplet 24 of Adams et al. (2005), which dis-
tinguishes Columbicola grandiusculus Tendeiro from C. vitiensis Ten-
deiro. Columbicola waiteae differs from both of these species in the 
shape of the male mesosome, which is more elongate than either C. 
grandiusculus or C. vitiensi, and is indented anteriorly. The shape of 
the female subgenital plate groove also distinguishes C. waiteae from 
the other 2 species: it is shorter and is thickened anteriorly. In addition 
to morphological characteristics, the placement of C. waiteae within the 
guimaraesi' species group is supported molecularly. Phylogenetic recon-
structions of Columbicola based on COl, 12S, and EF-l a place 
C.waiteae as a sister taxa to C. guimaraesi Tendeiro ex Chalcophaps 
spp. (see Johnson et aI., 2007). 
Co/umbico/a mjoebergi species group 
Co/umbico/a mjoebergi Eichler 
Taxonomic summary 
Type host: Geopelia striata (Linnaeus). 
Material: Ex G. placida Gould and G. cuneata (Latham). From G. 
placida we examined 5 males and 3 females, Australia: Northern Ter-
ritory, 24-25 October 2002, D. H. Clayton (PIPeR) ANWC 33671-
33673, 33996, including specimen 65 of Johnson et al. (2007; Cosp. 
Gepla.5. 14.2003. 17). From G. cuneata we examined 2 males, Australia: 
Northern Territory, 24 October 2003, D. H. Clayton (PIPeR). 
Remarks 
Geopelia striata has been the only recognized host of C. mjoebergi, 
based on morphological examination of specimens (Eichler, 1943). Al-
though C. mjoebergi was recorded from Streptopelia chinensis by Ten-
deiro (1973, C. fradeorum = C. mjoebergi), this record was considered 
a case of "straggling" by Adams et al. (2005) because it was collected 
in Thailand, where G. striata and S. chinensis are commonly held to-
gether in captivity. 
Johnson et aI. (2007) published a molecular phylogeny of Columbi-
cola in which they refer to Columbicola from both G. cuneata and G. 
humeralis (Temminck) as C. mjoebergi. Morphological examination of 
the specimens sequenced by Johnson et al. (2007), and other specimens 
from these hosts, confirms that Columbicola from G. cuneata is mor-
phologically inseparable from C. mjoebergi ex G. striata. However, the 
Columbicola from G. humeralis is quite distinct and merits species-
level designation (see C. rodmani below). This is not surprising, as 
Johnson et al. (2007) acknowledged that the Columbicola from G. hu-
meralis is genetically distinct from C. mjoebergi ex G. cuneata. In 
addition, we examined specimens from G. placida and found that they 
were morphologically indistinguishable from C. mjoebergi, thus repre-
senting a new host record. 
Co/umbico/a rodmani n. sp. 
(Figs. 21-23) 
Adult: Body elongate; each side of metanotum with 2 long, 2 short 
setae. 
Male: Head similar in shape to C. mjoebergi (see, Adams et aI., 2005, 
Fig. 108); scape and third antennal segment enlarged; medioposterior 
setae short, not reaching posterior head margin, 0.04-0.05 long. Tho-
racic sternal plate shaped as in Figure 22. Genitalia as in Figure 21; 
mesosome with small posterior extension, short but distinct anterior 
projections on lateral margins, with 6 genital pores. Dimensions include: 
APW, 0.13-0.14; APL, 0.07-0.08; HW, 0.27-0.29; HL, 0.52-0.55; HLI 
HW, 1.89-1.93; SL, 0.13-0.14; PW, 0.21-0.23; MW, 0.26-0.30; GW, 
0.09-0.10; TL, 2.38-2.54. 
Female: Ventral terminalia as in Figure 23, with scaling anterior to 
and lateral to medial subgenital 'plate groove. Subgenital plate groove 
ovoid anteriorly, constricted medially, widening posteriorly with irreg-
ular margins, with up to 3 short setae «0.01 long) on each side. Di-
mensions include: APW, 0.14-0.15; APL, 0.08; HW, 0.29-0.30; HL, 
0.56-0.59; HLIHW, 1.90-1.97; SL, 0.05-0.06; PW, 0.21-0.24; MW, 
0.27-0.32; TL, 2.70-2.90. 
Taxonomic summary 
Type host: Geopelia humeralis (Temminck). 
Type material: Holotype male, ex G. humeralis, Australia: Northern 
Territory, 24 October 2002, D. H. Clayton, ANWC-33615 (OSU). Para-
types, all from type host species: 3 males, 5 females, same data as 
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holotype; I male, 1 female, Australia: Northern Territory, Darwin, 16 
October, 2002, D. H. Clayton, ANWC-33408 (OSU, PIPeR), including 
specimens 69 and 70 from Johnson et al. (2007; Cosp.Gehum.5.14. 
2003.11 and Cosp.Gehum.5.14.2003.12). 
Etymology: This species is named in honor of Dr. James E. Rodman, 
former Program Director, National Science Foundation, Bethesda, 
Maryland, in recognition of the fundamental role he has played in gar-
nering support for the systematics community. 
Remarks 
This species keys to e. mjoebergi in couplet 40 of Adams et al. 
(2005); however, e. rodmani is consistently larger than e. mjoebergi, 
has a smaller HLIHW ratio, and the shape of the male genitalia is 
distinctly different. The mesosome of e. rodmani is longer and has 
thickened lateral anterior projections that are absent on e. mjoebergi; 
furthermore, the parameres of e. rodmani are continuous structures 
whereas the parameres of e. mjoebergi are divided into several distinct 
parts. 
Johnson et al. (2007) provide the first record of Columbicola from 
G. humeralis. In their study, the authors refer to these lice as "e. mjoe-
bergi 2" based on molecular data from 2 specimens, i.e., specimens 69 
and 70. Morphological examination of these specimens, as well as other 
specimens from the same host species, indicates that these lice are, in 
fact, a species distinct from e. mjoebergi. 
Additional species Columbicola smithae n. sp. 
(Figs. 24-28) 
Adult: Body elongate; each side of metanotum with 2 long, 2 short 
setae. 
Male: Head as in Figure 24; scape and third antennal segment en-
larged, medioposterior setae short, not reaching posterior head margin, 
0.04-0.05 long. Thoracic sternal plate shaped as in Figure 25. Genitalia 
as in Figure 26; mesosome ovoid with anterior indentation and posterior 
projection and thick lateral margins, and 5-7 genital pores. Dimensions 
include: APW, 0.13-0.14; APL, 0.07-0.08; HW, 0.31-0.32; HL, 0.49-
0.51; HLlHW, 1.58-1.63; SL, 0.11-0.12; PW, 0.21-0.22; MW, 0.28-
0.30; GW, 0.09-0.10; Th, 1.95-2.07. 
Female: Head as in FigUre 27. Ventral terminalia as in Figure 28, 
with scaling anterior to subgenital plate groove. Subgenital plate groove 
elongate, peaked anteriorly, with irregular lateral margins,jlnd 2-3 setae 
«0.01 long) on each side. Dimensions include: APW, 0.14-0.15; APL, 
0.07-0.08; HW, 0.32-0.34; HL, 0.51-0.56; HLIHW, 1.56-1.65; SL, 
0.05-0.06; PW; 0.22-0.24; MW, 0.30-0.36; TL, 2.39-2.57. 
Taxonomic summary 
Type host: Turtur brehmeri (Hartlaub). 
Type material: Holotype male, ex T. brehmeri, Ghana: Goaso, 28 
March 2003, K. P. Johnson, KPJ-l44 (OSU). Paratypes, all from type 
host species: 1 male, 2 females, same data as holotype; 2 males, 3 
females, same date and location as holotype, J. Weckstein, JDW-604, 
including specimen 139 from Johnson et al. (2007; Cosp.Tubre.7.27. 
2004.2). 
Etymology: This species is named in honor of Wendy A. Smith, Uni-
versity of Utah, Salt Lake City, Utah, in recognition of her work on the 
endosymbiotic bacteria of Columbicola and other feather lice. 
Remarks 
It is unclear to which species group e. smithae belongs, as it keys 
to couplets 40-42 of Adams et al. (2005), but the male genitalia of e. 
smithae are very different from all other species in these couplets (e. 
mjoebergi, e. fradei Tendeiro, e. tashenbergi, and e. angustus). Mo-
lecular evidence in Johnson et al. (2007) suggests that the closest rel-
atives of e. smithae are e. streptopeliae (Clay and Meinertzhagen) and 
e. meinertzhageni Tendeiro. However, e. smithae does not resemble 
either of these species morphologically. Unlike e. smithae, e. strepto-
pelia has an ovoid body shape and an interrupted anterior marginal head 
carina. Although e. meinertzhageni is known to infest doves in the 
genus Turtur, the male genitalia of e. smithae is a simple-shaped struc-
ture unlike the complex meso somal structure of e. meinertzhageni (see 
Adams et aI., 2005; Fig. 37). 
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APPENDIX 1. Host associations for the 88 described Columbicola species. 
Columbiform host genera and 
species* in alphabetical order 
Alectroenas 
madagascariensis (Linnaeus):j: 
sganzini (Bonaparte) 
Caloenas 
nicobarica (Linnaeus):j: 
Chalcophaps 
indica (Linnaeus):j: 
stephani Pucheran 
Claravis 
mondetoura (Bonaparte) 
pretiosa (Ferrari-Perez) 
Columba 
arquatrix Temminck:j: 
bollii Godman:j: 
eversmanni Bonaparte 
guinea Linnaeus 
hodgsonii Vigors:j: 
larvata Temminck:j: 
larvata Temminck:j: 
leucomela Temminck:j: 
leuconota Vigors 
livia J. R Gmelin:j: 
livia J. R Gmelin 
malherbii J. & E. Verreaux:j: 
oenas Linnaeus 
palumbus Linnaeus:j: 
punicea Blythe 
rupestris Pallas:j: 
vitiensis Quoy & Gaimard:j: 
Columbina 
buckleyi (Sclater & Salvin) 
cruziana Prevost 
Columbicola species 
& species groupst 
brygooi Tendeiros 
brygooi Tendeiros 
effeminatus TendeiroG 
guimaraesi TendeiroB 
guimaraesi TendeiroB 
passerinae (Wilson)V 
passerinae (Wilson)V 
browni Adams, Price & 
ClaytonC 
stresemanni EichlerA 
columbae (Linnaeus)A 
columbae (Linnaeus)A 
keleri TendeiroA 
Jradei TendeiroL 
obliteratus Tendeiroz 
waiteae n. Sp.B" 
tschulyschman EichlerA 
columbae (Linnaeus)A 
tschulyschman EichlerA 
insularis TendeiroR 
columbae (Linnaeus)A 
claviformis (Denny)A 
vitiensis TendeiroB 
tschulyschman EichlerA 
vitiensis TendeiroB 
passerinae (Wilson)V 
passerinae (Wilson)V 
* Host names are from Dickinson (2003), with the exception of New World 
Columba, which are now called Patagioenas (see Johnson et aI., 2001). 
t Host associations from Price et al. (2003), Adams et al. (2005), Bush and Price 
(2006), Johnson et al. (2007), and current paper. 
:j: Indicates type host. 
§ Indicates new host record. 
A columbae group. 
B guimaraesi group. 
e meinertzhageni group. 
D streptopeliae group. 
E theresae group. 
F angustus group. 
G effeminatus group. 
H becheti group. 
I fortis group. 
J tasmaniensis group. 
K mjoebergi group. 
L fradei group. 
M galei group. 
N fulmeki group. 
o veigasimoni group. 
P palmai group. 
Q longiceps group. 
R clayae group. 
S emersoni group. 
T baculoides group. 
U extinctus group. 
v passerinae group. 
W gracilicapitis group. 
x tendeiroi group. 
Y cavifrons group. 
Z species group unknown. 
APPENDIX 1. Continued. 
Columbiform host genera and 
species* in alphabetical order 
inca (Lesson) 
minuta (Linnaeus) 
passerina (Linnaeus):j: 
picui (Temminck)2 
picui (Temminck) 
talpacoti (Temminck) 
Cryptophaps 
poecilorrhoa (Bruggemann):j: 
Ducula 
aenea (Linnaeus):j: 
badia (Raffles):j: 
badia (Raffles):j: 
bicolor (Scopoli) 
chalconota (Salvadori) 
cineracea (Temminck) 
concinna (Wallace):j: 
concinna (Wallace):j: 
Jorsteni (Bonaparte) 
goliath (G. R. Gray):j: 
lacernulata (Temminck) 
latrans (Peale) 
melanochroa (P. L. Sclater) 
oceanica (Lesson & Garnot) 
pacifica (J. R Gmelin):j: 
perspicillata (Temminck):j: 
pickeringii (Cassin) 
pinon (Quoy & Gaimard):j: 
pistrinaria (P. L. Sclater) 
rosacea (Temminck) 
rufigaster (Quoy & Gaimard):j: 
Ectopistes 
migratorius (Linnaeus):j: 
Gallicolumba 
beccarii (Salvadori):j: 
jobiensis (A. B. Meyer) 
Columbicola species 
& species groupst 
passerinae (Wilson)V 
passerinae (Wilson)V 
passerinae (Wilson)y 
baculoides (PaineY 
passerinae (Wilson)V 
passerinae (Wilson)y 
grandiusculus TendeiroB 
cavifrons (Taschenberg)Y 
cavifrons (Taschenberg)Y 
sikoraae EichlerY 
wolffhuegeli Eichler'l 
clay toni Bush & PriceQ 
longiceps (Rudow)Q 
emersoni Tendeiros 
mendesi Adams, Price & 
ClaytonQ 
cavifrons (Taschenberg)Y 
becheti TendeiroH 
cavifrons (Taschenberg)Y 
longiceps (Rudow)Q 
cavifrons (Taschenberg)Y 
cavifrons (Taschenberg)Y 
malenkeae Bush & PriceQ 
longiceps (Rudow)Q 
cavifrons (Taschenberg)Y 
harrisoni TendeiroY 
malenkeae Bush & PriceQ 
mendesi Adams, Price & 
ClaytonQ 
clay toni Bush & PriceQ 
extinctus Malcomsonu 
beccarii (Tendeiro)F 
exilicornis (Piaget)F 
1 This is n. sp. 2 in Johnson et al. (2007). 
2 These records from Price et al. (2003) were inadvertantly left off the checklist 
published by Adams et al. (2005). 
3 Johnson et al. (2007) referred to specimens of this species as C. mjoebergi; 
however, these specimens represent a new species described herein as C. 
rodmani. 
4 Johnson et al. (2007) referred to the sequenced specimens as n. sp. 3; however, 
these specimens represent a new host record of C. mjoebergi, not a new species. 
5 Johnson et al. (2007) referred to the sequenced specimens as n. sp. 3; however, 
this specimen is C. mjoebergi. 
6 This is n. sp. 9 in Johnson et al. (2007). 
7 This is n. sp. 7 in Johnson et al. (2007). 
8 This is n. sp. 8 in Johnson et al. (2007). 
9 Johnson et al. (2007) erroneousely reported that C. drowni occurs on Metriopelia 
aymara. Specimen 154 (Coalt.1.8.2003.4) was, in fact, collected from the type 
host species, M. melanoptera, from Bolivia: Lago Poopo, 2 November 2001, K. 
McCracken, KGM-5ll. 
10 This is n. sp. 6a in Johnson et al. (2007). 
11 This is n. sp. 6b in Johnson et al. (2007). 
12 This is n. sp. 5 in Johnson et al. (2007). 
13 Johnson et al. (2007) referred to a new host-Columbicola aSSOCIatlon for 
Streptopelia decipiens. However, the poor quality of the specimens makes it 
impossible to confirm this assumption, or to assign the specimens to one of the 
three species of Columbicola known to infest S. decipiens. Thus, we have 
conservatively chosen not to include the n. sp. from Johnson et al. (2007) in 
the checklist at this time. 
14 This is n. sp. 4 in Johnson et al. (2007). 
ApPENDIX I. Continued. 
Columbiform host genera and 
species* in alphabetical order 
Geopelia 
cuneata (Latham) 
humeralis (Temminck) 
maugei (Temminck) 
maugei (Temminck):!: 
placida Gould§ 
striata (Linnaeus) 
striata (Linnaeus):j: 
Geophaps 
plumifera Gould:!: 
scripta (Temminck):j: 
smithii (Jardine & Selby):!: 
Geotrygon 
frenata (Tschudi) 
linearis (Prevost) 
linearis (Prevost):j: 
montana (Linnaeus) 
mystacea (Temminck) 
violacea (Temminck) 
Goura 
cristata (Pallas):j: 
Gymnophaps 
albertisii Salvadori:!: 
Leptotila 
cassini (Lawrence) 
jamaicensis (Linnaeus) 
plumbeiceps (Sclater & Salvin) 
plumbeiceps (Sclater & Salvin) 
rufaxilla (Richard & Bernard):j: 
verreauxi (Bonaparte) 
verreauxi (Bonaparte):j: 
verreauxi (Bonaparte) 
verreauxi (Bonaparte) 
Leucosarcia 
melanoleuca (Latham):j: 
Lopholaimus 
antarcticus (Shaw) 
Macropygia 
amboinensis (Linnaeus) 
mackinlayi E. P. Ramsay 
nigrirostris Salvadori:!: 
rujiceps (Temminck) 
unchall (Wagler) 
Metriopelia 
aymara (Prevost):!:9 
ceciliae Lesson:!: 
melanoptera (Molina) 
melanoptera (Molina):!:" 
Ocyphaps 
lophotes (Temminck):j: 
Oena 
capensis (Linnaeus):j: 
capensis (Linnaeus) 
Columbicola species 
& species groupst 
mjoebergi EichlerK 
rodmani n.sp.K.3 
timorensis TendeiroK 
fulmeki EichlerN 
mjoebergi EichlerK•4 
exilicornis (Piaget)F 
mjoebergi EichlerK .5 
wombeyi n.spE6 
koopae n spP 
wilsoni n.sp.F.8 
waltheri Clayton & Pricew 
macrourae (Wilson)U 
waltheri Clayton & Pricew 
macrourae (Wilson)U 
macrourae (Wilson)U 
macrourae (Wilson)U 
gourae TendeiroQ 
galei Adams, Price & ClaytonM 
timmermanni Tendeirow 
gracilicapitis Carrikerw 
gracilicapitis Carrikerw 
macrourae (Wilson)U 
timmermanni Tendeirow 
baculoides (Paine)T 
gracilicapitis Carrikerw 
macrourae (Wilson)U 
timmermanni Tendeirow 
palmai Adams, Price & 
ClaytonP 
paradoxus TendeiroQ 
exilicornis (Piaget)F 
exilicornis (Piaget)" 
arnoldi Adams, Price & 
ClaytonF 
exilicornis (Piaget)" 
exilicornis (Piaget)" 
altamimiae Clayton & PriceY 
gymnopeliae Eichlerv 
altamimiae Clayton & PriceY 
drowni Clayton & PriceY 
mckeani TendeiroF 
oenae (Hopkins)D 
theresae AnsariE 
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ApPENDIX 1. Continued. 
Columbiform host genera and 
species* in alphabetical order 
Otidiphaps 
nobilis Gould:!: 
Patagioenas 
cayennensis (Bonnaterre) 
fasciata (Say) 
leucocephala (Linnaeus)2 
leucocephala (Linnaeus) 
maculosa (Temminck) 
maculosa (Temminck) 
nigrirostris (P. L. Sclater) 
picazuro (Temminck) 
picazuro (Temminck)2 
picazuro (Temminck):j: 
plumbea (Vieillot) 
plumbea (Vieillot) 
speciosa (1. F. Gmelin):!: 
squamosa (Bonnaterre):j: 
subvinacea (Lawrence) 
Petrophassa 
rujipennis Collett:!: 
albipennis Gould 
Phapitreron 
amethystinus Bonaparte 
amethystinus Bonaparte:!: 
leucotis (Temminck):j: 
leucotis (Temminck) 
Phaps 
chalcoptera (LathamH 
chalcoptera (Latham):j: 
elegans (Temminck) 
histrionica (GouldH 
Ptilinopus 
greyii Bonaparte 
jambu (1. F. Gmelin) 
magnificus (Temminck):!: 
melanospilus (Salvadori) 
occipitalis (Gray & MitchellH 
pulchellus (Temminck) 
purpuratus (1. F. Gmelin):j: 
regina Swainson§ 
richardsii (E. P. Ramsay):j: 
ri voli (Prevost):j: 
superbus (Temminck) 
tannensis (Latham) 
wallacii (G. R. Gray) 
Reinwardtoena 
reinwardtii (Temminck):j: 
Starnoenas 
cyanocephala (Linnaeus):j: 
Streptopelia 
bitorquata (Temminck):j: 
capicola (SundevallH 
capicola (SundevallH 
capicola (Sundevall) 
Columbicola species 
& species groupst 
fortis (Taschenberg)! 
adamsi Clayton & Priceu 
extinctus Malcomsonu 
macrourae (Wilson)U 
waggermani Clayton & Priceu 
adamsi Clayton & Priceu 
triangularis EichlerT 
adamsi Clayton & Priceu 
adamsi Clayton & Priceu 
baculoides (Paine)T 
triangularis EichlerT 
adamsi Clayton & Priceu 
macrourae (Wilson)U 
adamsi Clayton & Priceu 
waggermani Clayton & Priceu 
macrourae (Wilson)U 
masoni n.sp EIO 
masoni n.sp F,11 
exilicornis (Piaget)F 
veigasimoni Tendeiroo 
deboomi TendeiroE 
veigasimoni Tendeiroo 
angustus (Rudow)" 
tasmaniensis TendeiroJ 
tasmaniensis TendeiroJ 
harbisoni n.sp.F,12 
emersoni Tendeiros 
elbeli TendeiroR 
reedi Adams, Price & ClaytonZ 
emersoni Tendeiros 
xavieri Tendeiroz 
emersoni Tendeiros 
curtus Tendeiros 
emersoni Tendeiros 
emersoni Tendeiros 
wecksteini Adams, Price & 
Clay tonS 
emersoni Tendeiros 
emersoni Tendeiros 
emersoni Tendeiros 
taschenbergi EichlerF 
tendeiroi MeyX 
cicchinoi TendeiroE 
capicolae (Clay & 
Meinertzhagen )D 
meridionalis Tendeiroc 
theresae AnsariE 
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ApPENDIX 1. Continued. 
Columbiform host genera and 
species* in alphabetical order 
chinensis (Scopoli) 
chinensis (Scopoli):j: 
decaocto (Frivaldszky) 
decipiens (Hartlaub & 
Finsch)J3 
decipiens (Hartlaub & Finsch) 
decipiens (Hartlaub & Finsch) 
lug ens (RUppel!) 
orienta lis (Latham) 
orientalis (Latham) 
orientalis (Latham):j: 
orientalis (Latham):j: 
picturata (Temminck):j: 
roseogrisea (Sundeval!) 
semitorquata (RUppel!) 
semitorquata (RUppell):j: 
senegalensis (Linnaeus):j: 
senegalensis (Linnaeus):j: 
tranquebarica (Hermann) 
tranquebarica (Hermann) 
turtur (Linnaeus):j: 
vinacea (1. F. Gmelin) 
vinacea (1. F. Gmelin):j: 
Treron 
apicauda Blyth:j: 
bicinctus (1erdon) 
calvus (Temminck):j: 
calvus (Temminck):j: 
curvirostra (1. F. Gmelin):j: 
formosae Swinhoe 
formosae Swinhoe 
fulvicollis (Wagler) 
griseicauda Bonaparte 
olax (Temminck) 
oxyurus (Temminck) 
phoenicopterus (Latham):j: 
phoenicopterus (Latham):j: 
pompadora (1. F. Gmelin):j: 
pompadora (1. F. Gmelin) 
sanctithomae (1. F. Gmelin):j: 
sieboldii (Temminck) 
:,phenurus (Vigors):j: 
vemans (Linnaeus) 
waalia (F. A. A. Meyer) 
Turacoena 
manadensis (Quoy & 
Gaimard):j: 
Turtur 
abyssinicus (Sharpe) 
brehmeri (Hartlaub):j: 
chalcospilos (Wagler) 
chalcospilos (Wagler):j: 
Uropelia 
campestris (Spix) 
Columbicola species 
& species groupst 
theresae AnsariE 
fulmeki EichlerN 
bacillus (GiebelY 
bacillus (GiebelY 
streptopeliae (Clay & 
Meinertzhagen)D 
theresae AnsariE 
orientalis TendeiroE 
fulmeki EichlerN 
theresae AnsariE 
orientalis TendeiroE 
turturis (UchidaY 
hoogstraali TendeiroE 
bacillus (Giebel)A 
bacillus (Giebel)A 
meinertzhageni Tendeiroc 
senegalensis TendeiroD 
theresae AnsariE 
bacillus (GiebelY 
theresae AnsariE 
bacillus (Giebel)A 
theresae AnsariE 
streptopeliae (Clay & 
Meinertzhagen)D 
wardi TendeiroR 
elbeli TendeiroR 
clayae TendeiroR 
meinertzhageni Tendeiroc 
davisae Adams, Price & 
ClaytonR 
sphenurus TendeiroR 
elbeli TendeiroR 
elbeli TendeiroR 
elbeli TendeiroR 
elbeli TendeiroR 
wardi TendeiroR 
phoenicopterae TendeiroR 
elbeli TendeiroR 
elbeli Tendeiro R 
phoenicopterae TendeiroR 
longantennatus Tendeiroc 
elbeli TendeiroR 
sphenurus TendeiroR 
elbeli TendeiroR 
clayae TendeiroR 
juliusriemeri Eichler & 
Mrosekz 
carrikeri TendeiroE 
smithae n.sp.Z,14 
meinertzhageni Tendeiroc 
carrikeri TendeiroE 
passerinae (Wilson)V 
ApPENDIX 1. Continued. 
Columbiform host genera and 
species* in alphabetical order 
Zenaida 
asiatica (Linnaeus) 
auriculata (Des Murs) 
auriculata (Des Murs) 
auriculata (Des Murs) 
aurita (Temminck) 
galapagoensis Gould 
macroura (Linnaeus):j: 
macroura (Linnaeus):j: 
Columbicola species 
& species groupst 
macrourae (Wilson)U 
baculoides (Paine)T 
macrourae (Wilson)U 
triangularis EichlerT 
macrourae (Wilson)U 
macrourae (Wilson)U 
baculoides (Paine)T 
macrourae (Wilson)U 
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COMPARATIVE PHYLOGENETIC HISTORIES OF TWO LOUSE GENERA FOUND ON 
CATHARUS THRUSHES AND OTHER BIRDS 
Chelsea Bueter', Jason Wecksteint:j:, Kevin P. Johnson§, John M. Bates:j:, and Caleb E. Gordon 
Department of Biology, Lake Forest College, Lake Forest, Illinois 60045. e-mail: jweckstein@fieldmuseum.org 
ABSTRACT: The louse genera Brueelia (Ischnocera) and Myrsidea (Amblycera) are broadly codistributed on songbirds (Passeri-
formes), but differ in a variety of life history characteristics. We used mitochondrial and nuclear DNA sequences to assess levels 
of genetic divergence and reconstruct phylogenies of these 2 genera, focusing especially on Catharus thrushes in North America. 
We then qualitatively compared the phylogenies and levels of divergence within these 2 genera of codistributed parasites. Neither 
Brueelia nor Myrsidea appears to cospeciate with Catharus thrushes or passerine birds in general. The Myrsidea phylogeny 
exhibits significant levels of biogeographic structure, whereas the Brueelia phylogeny does not. Myrsidea and Brueelia also differ 
in their levels of intra-generic genetic divergence, with Myrsidea showing higher levels of genetic divergence and host specificity 
than Brueelia. Our genetic data support traditional morphology-based taxonomy in several instances in which the same species 
of Brueelia has been reported on mUltiple host taxa, e.g., all migrant Catharus spp. carry B. antiqua, with little haplotype 
divergence. Myrsidea found on each Catharus sp. are in general genetically distinct, except for M. incerta, which parasitizes 
both Catharus ustulatus and Catharus minimus. The strong biogeographic signal in the Myrsidea phylogeny and higher relative 
levels of host specificity of Myrsidea spp. suggest that infrequent host-switching, followed by speciation, is shaping the evolu-
tionary history of this group. In contrast, the relatively lower host specificity of Brueelia spp. suggests that host-switching, 
combined with more frequent ongoing dispersal, has been more important in the evolutionary history of Brueelia. 
Comparative phylogenetic studies of co-occurring parasite 
groups are particularly effective for understanding the relation-
ship between specific life history characteristics and patterns of 
coevolutionary history (Johnson and Clayton, 2003a). Different 
types of parasites vary in their degree of host specificity, ability 
to disperse to other host species, and ability to survive on mul-
tiple host species. If replicate co-occurring groups of parasites 
exhibit different coevolutionary histories, one can ask whether 
features of the parasite's biology correlate with these differenc-
es in the degree of congruence between host and parasite phy-
logenies (Page et aI., 1996). This method is particularly pow-
erful when replicate parasite lineages exhibit varying life-his-
tory characteristics. 
Avian chewing lice (Phthiraptera) are ideally suited for com-
parative phylogenetic studies, in part because they are perma-
nent ectoparasites (Clayton, 1991). Bird species typically host 
multiple chewing louse taxa, each of which has unique life his-
tory characteristics. Furthermore, co-occurring louse taxa often 
include species from 2 different suborders, i.e., Amblycera and 
Ischnocera. Several studies have compared patterns of phylo-
genetic history among replicate groups of codistributed ischno-
ceran chewing louse genera (Johnson, Williams, et aI., 2002; 
Clayton, AI-Tamimi, and Johnson, 2003; Clayton, Bush et al., 
2003; Clayton and Johnson, 2003; Johnson and Clayton, 2003a; 
Clayton et al., 2004; Johnson and Clayton, 2004), and these 
studies have correlated life history differences between the par-
asites with differences in cophylogenetic history. Except for a 
recent comparative phylogeography study of 3 parasite species 
found on the Galapagos hawk (Buteo gaZapagoensis; Whiteman 
et al., 2007), little work has been done comparing the evolu-
tionary histories of codistributed ischnoceran and amblyceran 
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taxa. Amblycera and Ischnocera exhibit marked differences in 
ecology, behavior, and morphology (Marshall, 1981) and pro-
vide ideal replicates of parasite evolutionary history on a single 
host group. 
Members of the suborders Ischnocera and Amblycera also 
differ in their dispersal abilities. On average, ischnoceran lice 
have relatively short legs, are highly sedentary (Marshall, 
1981), and will not usually abandon their host, even if it dies 
(Keirans, 1975; Marshall, 1981). Amblyceran lice are generally 
more agile, with long, well-developed legs, and will abandon a 
dead host in search of a new one (Keirans, 1975; Marshall, 
1981; Johnson and Clayton, 2003b). Although ischnoceran lice 
do not readily disperse under their own power, they are known 
to disperse by "hitchhiking," also known as phoresis, on par-
asitic hippoboscid flies (Diptera: Hippoboscidae) (Askew, 1971; 
Marshall, 1981; Harbison et aI., 2008). Along with physical 
contact between hosts, "hitchhiking" may play an important 
role in the transfer of lice between individuals of the same host 
species, or even between different host species (Corbet, 1956; 
Harbison et al., 2008). Amblyceran lice are almost never found 
in phoretic association with hippoboscid flies (Kierans, 1975). 
Therefore, phoresy likely plays a role only in the dispersal of 
ischnoceran, and not amblyceran lice (Marshall, 1981). 
Johnson et al. (2002) constructed a phylogeny of the ischno-
ceran genus Brueelia and found little concordance between this 
phylogeny and published host phylogenies. They suggested that 
this result implicated phoretic dispersal as playing a major role 
in breaking down levels of cospeciation between species of 
Brueelia and their hosts. Johnson et a1. (2002) also stated that 
comparisons of phylogenies of non-phoretic amblyceran lice 
from passerines, e.g., Myrside« spp., might provide insights into 
whether the lack of co speciation between Brueelia spp. and 
their passerine hosts is due to high levels of phoretic dispersal 
or is a pattern general to all passerine louse phylogenies. 
In the present study, we used mitochondrial and nuclear DNA 
sequences to assess levels of genetic divergence and reconstruct 
phylogenies of Brueelia (Ischnocera) and Myrsidea (Ambly-
cera), 2 genera of avian chewing lice that are codistributed on 
passeriform birds, but which differ in a variety of life history 
characteristics. In addition to differences in dispersal abilities, 
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Brueelia spp. and Myrsidea spp. also differ in their food pref-
erences, which may be linked to patterns of host specificity. 
Species of Myrsidea feed on host body fluids and blood, which 
means that they may interact closely with the host's immune 
system (Marshall, 1981). In contrast, species of Brueelia feed 
only on feather barbs, which are relatively inert protein struc-
tures. Therefore, it is possible that Myrsidea spp. have fewer 
successful host transfers when they come into contact with a 
novel immune system (Moller and De Lope, 1999; Moller and 
Rozsa, 2005). Given the higher transmission abilities of Bruee-
lia and the interaction of Myrsidea with its host's immune sys-
tem through blood feeding, we predicted that levels of dispersal 
should be higher and levels of host specificity should be lower 
for Brueelia compared with Myrsidea. Thus, we qualitatively 
compared the phylogenies and levels of divergence within these 
2 genera of codistributed parasites to examine how differences 
in their life history characteristics are related to differences in 
their phylogenetic histories. In particular, we concentrated our 
sampling on species of Myrsidea and Brueelia from Catharus 
thrushes, which include 5 species of common North American 
migrant passerine birds. Multiple data sets document that Ca-
tharus thrushes are a monophyletic group (Outlaw et aI., 2003; 
Winker and Pruett, 2006). Therefore, we chose to use this 
monophyletic group of hosts to explore patterns of speciation 
in their associated chewing lice. Keeping in mind the noted 
differences in transmission abilities and food preferences, we 
examined genetic divergences and phylogenetic relationships 
within Brueelia and Myrsidea to assess species limits, evolu-
tionary history, and patterns of host specificity with respect to 
what is known about the hosts' phylogenetic history. We also 
qualitatively compared broad patterns in the phylogenies of 
Brueelia and Myrsidea from a variety of other host groups. 
MATERIALS AND METHODS 
Specimen collection 
Birds were captured in Shaw Woods at the Skokie River Nature Pre-
serve in Lake Forest, Illinois (42°15'37.2"N, 87°51'34"W), as part of 
the Shaw Woods Avian Monitoring Project (SWAMP; Gordon et aI., 
2002). 1We1ve standard mist nets (35 mm mesh and 12 m in length) 
were set up in brush-cleared lanes. The nets were open from 5:00 to 
10:00, 27 days from May 1-31, 2006. Captured birds were removed 
from the nets and placed in clean cloth bags for transport to the banding 
station. The cloth bags were used only once per day and were then 
turned inside out and washed and dried prior to use the next day. The 
5 focal migrant thrush (Passeriformes: Turdidae) species of our study, 
i.e., Hylocichla mustelina, C. minimus, C. ustulatus, C. fuscescens, and 
C. guttatus, were banded with permanent, aluminum leg bands from the 
U.S. Federal Bird Banding Laboratory, dusted with pyrethrum flea pow-
der (Hartz, Secaucus, New Jersey), which was then rubbed into their 
feathers for approximately 5 min, and then ruffled following the pro-
cedure of Walther and Clayton (1997) and Clayton and Drown (2001). 
We placed the lice into labeled vials of 95% ethanol, which we stored 
frozen at -80 C prior to DNA extraction. We also collected lice from 
window-killed thrushes and other Nearctic-Neotropical migrant speci-
mens, salvaged by the Field Museum of Natural History in downtown 
Chicago, Illinois. Each of these bird specimens was isolated for 10-15 
min in a new zip lock bag containing a cotton ball saturated with a 
drop of ethyl acetate to kill the lice. After fumigation, the specimen's 
feathers were rigorously ruffled over a clean piece of white paper until 
no more lice fell off of the bird. These lice were picked up with a paint 
brush, placed in a vial of 95% ethanol, and stored frozen at -80 C. 
The paper and brush were carefully kept clean to eliminate the possi-
bility of cross-contamination between birds. Salvaged host specimens 
were then prepared as vouchers and deposited in the Field Museum's 
bird collection. 
Louse identification was made using the Price et al. (2003) chewing 
louse checklist and the taxonomic descriptions cited within. We ampli-
fied and sequenced DNA for 24 Brueelia chewing lice, including 13 
individuals from 5 Catharus thrush species and 11 other Brueelia chew-
ing lice from a range of other host species. We also included previously 
published COl and EF-1a sequences from 15 Brueelia spp. analyzed 
by Johnson et al. (2002), increasing our total Brueelia sample to 39 
specimens (See Table I for GenBank accession numbers and voucher 
data). Outgroup (ischnoceran) taxa for the Brueelia phylogeny included 
Neopsittaconirmus, Paragoniocotes, and Struthiolipeurus (See Table I 
for GenBank accession numbers; Johnson et aI., 2001, 2003; Smith et 
aI., 2004). We also amplified and sequenced DNA from 34 Myrsidea 
chewing lice, including 6 individuals from 4 Catharus host species and 
28 from a range of other hosts (see Table II for GenBank accession 
numbers). Outgroup (amblyceran) taxa for the Myrsidea phylogeny in-
cluded Ricinus and Dennyus (See Table II for GenBank accession num-
bers; Johnson and Whiting, 2002). 
DNA amplification and sequencing 
To extract DNA from each louse, we placed it in a clean dish of fresh 
absolute ethanol under a dissection scope and plucked the head from 
the body using a set of sterilized forceps. The head and body were then 
placed into a 1.5-ml tube, which was left open until the ethanol dried. 
We used the Qiagen Dneasy micro-kit or tissue kit (Valencia, Califor-
nia), following the manufacturer's protocols, to extract genomic DNA. 
We retained the head and body of each specimen as a morphological 
voucher and mounted them on a micro slide. These voucher louse spec-
imens were deposited in either The Field Museum or Illinois Natural 
History Survey insect collections. 
We amplified 379-385 base pairs (bp) of the mitochondrial cytochrome 
c oxidase subunit I (COI) gene with primers L6625 and H7oo5 (Hafner et 
al., 1994), and 347 bp of the nuclear elongation factor I-a (EF-1a) gene 
with primers EF1-For3 and EF1-Chol (Danforth and Ji, 1998) using the 
thermalcycling regime published by Weckstein (2004). Most polymerase 
chain reaction (PCR) products were amplified using Taq Gold (AmpliTaq 
Gold; Perkin-Elmer Corporation, Foster City, California) and, for EF-1a 
amplifications, we added 2.5 ILl of bovine serum albumin to each 25-1L1 
reaction. For a few problematic samples, we used Thq beads (Promega, 
Madison, Wisconsin) to amplify EF-1a. PeR products were purified with 
either Exonuclease and Shrimp Alkaline Phosphatase enzymatic reactions 
(United States Biochemical, Cleveland, Ohio) or by cutting bands from a 
low melt agarose gel and digesting them with gelase (Epicentre Technol-
ogies, Madison, Wisconsin). 
We cycle sequenced 1 ILl of purified PCR product with 1 ILl of ABl 
Big Dye kit (version 3.2, Applied Biosystems, Foster City, California) 
and 0.6 ILl of 10 ILM primer, and ran these sequenced products on an 
ABl Prism 3730 automated DNA sequencer (Perkin-Elmer Applied 
Biosystems). Sequencher (version 4.5, Genecodes Co., Ann Arbor, 
Michigan) was used to reconcile double-stranded sequences and to align 
the protein coding genes, COl and EF-1a, by eye. 
Phylogenetic analysis 
We used PAUP* to perform maximum parsimony (MP) heuristic 
searches with 100 random addition sequence replicates, TBR branch 
swapping, and stepwise addition (version 4.0blO; Swofford, 2002); 
1,000 bootstrap replicates were performed, with 10 random additions 
per replicate. We used the partition homogeneity test (ILD statistic, 
Farris et al., 1994, 1995) as implemented in PAUP* (version 4.0blO; 
Swofford, 2002) to test for incongruence between COl and EF-1a se-
quence data partitions for both louse genera. All parsimony uninfor-
mative characters were removed from the data sets prior to the test. 
For maximum likelihood (ML) analyses we used GarlivO.951 
(Zwickl, 2006; http://www.zo.utexas.eduifaculty/antisense/garlilGarli. 
html), which estimates model parameters that best fit the data during 
the analysis. We ran 5 independent Garli replicates, each with a different 
starting point, and considered the tree with the best likelihood score the 
best phylogenetic hypothesis. We also performed 1,000 bootstrap rep-
licates to assess statistical support for nodes in the phylogeny. 
Bayesian inference (Bl) analysis was performed using MrBayes 3.1.1 
(Ronquist and Huelsenbeck, 2003). For the Bl analysis, we implemented a 
mixed model approach to account for differences in evolutionary model 
parameters between data partitions (Nylander et al., 2004). We divided each 
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TABLE I. Voucher numbers, localities, host associations, and collecting locality information for all Brueelia louse specimens used in this study. 
GenBank 
# Louse species Voucher number Host family Host species Locality Accession Numbers 
I Brueelia antiqua Bran.6.l3.2006.l Turdidae Catharus guttatus Illinois FJl7l22l, FJl71244 
2 Brueelia antiqua Brsp.Cafu.6.l3.2006.2 Turdidae Catharus fuscescens Bolivia FJl7l227, FJl7l250 
3 Brueelia antiqua Brze.6. I 3.2006.3 Turdidae Catharus ustulatus Panama FJ17l238, FJl71262 
4 Brueelia concavus Brsp.Cafr.6.13.2006A Turdidae Catharus fuscater Panama FJl71225, FJl71248 
5 Brueelia antiqua Brsp.Cami.6.13.2006.12 Turdidae Catharus minimus Illinois FJl75385, FJl71253 
6 Brueelia antiqua Brsp.Cafu.6.13.2006.6 Turdidae Catharus fuscescens Illinois FJ171228, FJ171251 
7 Brueelia antiqua Brze.6. I 3.2006. 7 Turdidae Catharus ustulatus Illinois FJ171239, FJ171263 
8 Brueelia concavus Stsp.Hymu.6.13.2006.8 Turdidae Hylocichla mustelina Illinois FJ171242, FJI71266 
9 Brueelia antiqua Brsp.Cafu.6.l3.2006.9 Turdidae Catharus fuscescens Illinois FJ171226, FJI71249 
10 Brueelia antiqua Brze.6. 13.2006. 10 Turdidae Catharus ustulatus Illinois FJl7l237, FJl71261 
II Brueelia concavus Stsp.Hymu.6.13.2006.11 Turdidae Hylocichla mustelina Illinois FJl7124I , FJl71265 
12 Brueelia sp. Brsp.Door.6.13.2006.13 Emberizidae Dolichonyx oryzivorous Illinois FJl71230, FJl71254 
13 Brueelia sp. Brsp.Mege.6.27.2006.17 Emberizidae Melospiza georgiana Illinois FJl71232, FJl71256 
14 Brueelia anamariae Bana.6.27.2006.18 Troglodytidae Troglodytes aedon Illinois FJ171220, FJI71243 
15 Brueelia vulgata Brsp.ZoaI.6.27.2006.19 Emberizidae Zonotrichia albicollis Illinois FJ171234, FJ171258 
16 Brueelia brunneinucha Brbr.6.27.2006.20 Mimidae Dumetella carolinensis Illinois FJ171223, FJ171246 
17 Brueelia vulgata Brsp.Zole.6.27.2006.21 Emberizidae Zonotrichia l. leucophrys Illinois FJ171235, FJ171259 
18 Brueelia sp. Brsp.Seau.6.27.2006.22 Parulidae Seiurus aurocapillus Illinois FJ171233, FJI71257 
19 Brueelia dorsale Brdo.6.27.2006.24 Mimidae Toxostoma rufum Illinois FJ171224, FJ171247 
20 Brueelia vulgata Brvu.6.27.2006.28 Emberizidae Junco hyemalis Illinois FJ171236, FJ171260 
21 Brueelia antiqua Brze.6.27.2006.29 Turdidae Catharus ustulatus Illinois FJ171240, FJ171264 
22 Brueelia antiqua Bran.6.27.2006.30 Turdidae Catharus guttatus Illinois FJl71222, FJ171245 
23 Brueelia antiqua Brsp.Cafu.6.27.2006.31 Turdidae Catharus fuscescens Illinois FJ171229, FJI71252 
24 Brueelia sp. * Brsp.Paele.7.14.1999.3 Paridae Parus elegans Philippines AY149382, AYI49412 
25 Brueelia sp. * Brsp.Rhnig.7.14.1999.1l Rhipiduridae Rhipidura nigrocinnamomea Philippines AY149384, AY149414 
26 Brueelia sp. * Brsp.Sifro.7.14.1999.1 Sittidae Sitta frontalis Philippines AY149383, AY149413 
27 Brueelia sp. * Brsp.Fihyp. 7 .14.1999.2 Muscicapidae Ficedula hyperythra Philippines AY14941O, AY149411 
28 Brueelia laticeps * Brlat.I.17.2000.14 Ramphastidae Andigena nigrirostris Peru AY149398, AYI49428 
29 Brueelia laticeps * Brlat.1.l7.2000.15 Ramphastidae Aulacorhynchus prasinus Peru AY149399, AY149429 
30 Brueelia moriona* BrmorA.7.1999.8 Corvidae Cyanocorax morio Mexico AY149400, AY149430 
31 Brueelia sp. * Brsp.Cahae.IO.12.1999.9 lcteridae Cacicus haemorrhous Brazil AY149393, AYI49423 
32 Brueelia sp. * Brsp.Pasub.2.3.l999.5 Cisticolidae Parisoma subcaeruleum South Africa AY149396, AYI49426 
33 Brueelia sp. * Brsp.Mecan.1.15.2000.12 ·Picidae Melanerpes candidus Bolivia AY149395, AY149425 
34 Brueelia sp. * Brsp.Camex.2.1.2000.8 Fringillidae Carpodacus mexicanus Utah AY149394, AY149424 
35 Brueelia sp. * Brsp.Panig.I.12.1999.11 Paridae Parus niger South Africa AY149391, AYI49421 
36 Brueelia sp. * Brsp.Pynig.l.12.1999.8 Pycnonotidae Pycnonotus nigricans South Africa AY149397, AYI49427 
37 Brueelia sp. * Brsp.Costr.7.14.1999.10 Campephagidae Coracina striata Philippines AY149390, AY149420 
38 Brueelia sp. * Brsp.Memon.IO.5.1999.10 Megalaimidae Megalaima monticola Malaysia: AY149388, AY149418 
Sabah 
39 Brueelia sp. Brsp.lrpu.6.27.2006.23 lrenidae Irena puella Malaysia: FJl71231, FJl71255 
Sabah 
Outgroup 
Paragoniocotes sp. PaspArast.2.1O.1999.7 Psittacidae Aratinga astec Mexico AF348870, AY314839 
Neopsittaconirmus N scir.11. 22.200 1.12 Psittacidae Platycercus elegans Australia AY314819, AY314838 
circumfasciatus 
Struthiolipeurus nandu Slnan.2A.2002A Rheidae Rhea americana captive AF545768, AF320360 
* Indicates Brueelia specimens with COl and EF-la sequences previously published by Johnson, Adams et al. (2002). 
of the protein coding sequences into 3 partitions according to codon posi-
tion. Therefore, we had 6 partitions for both the Myrsidea and Brueelia 
data sets. We used Mr. Modeltest (Nylander, 2004) to determine the appro-
priate likelihood model for each of these data set partitions. We ran 2 
analyses of 5,000,000 generations and 4 Markov chains, with every 500th 
tree sampled. The first 500 trees were discarded as the bum-in, and the 
consensus of the remaining trees was used. 
Biogeographic analyses 
We used MacClade (version 4.05; Maddison and Maddison, 1992) to 
map and reconstruct the biogeographic region where each louse was 
collected onto both the Myrsidea phylogeny and the Brueelia phylog-
eny. The geographic areas for the'Myrsidea data set included Europe, 
Africa, the Neotropics, North America, and Madagascar; the Brueelia 
data set included Asia, Africa, the Neotropics, North America, and Aus-
tralia. To test whether biogeography contained significant phylogenetic 
signal, we used Maddison and Slatkin's (1991) randomization procedure 
to randomize these biogeographic regions 1,000 times on each of the 
louse phylogenies. We pruned both the Myrsidea and Brueelia phylog-
enies to include only 1 exemplar per louse species, because including 
multiple exemplars per louse taxon would bias the test toward rejecting 
the null hypothesis (Weckstein, 2004). We compared the randomized 
character distributions generated by the Maddison and Slatkin (1991) 
procedure with the empirical character distributions mapped onto the 
Brueelia and Myrsidea louse trees to obtain a P value for the test. 
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TABLE II. Voucher numbers, localities, host associations, and collecting locality information for all Myrsidea louse specimens used in this study. 
GenBank 
# Louse species Voucher number Host family Host species Locality Accession Numbers 
Myrsidea pricei Mypr.6.14.2006.1 Thrdidae Catharus guttatus lllinois FJ171277, FJl71303 
2 Myrsidea pricei Mypr.6.14.2006.2 Turdidae Catharus guttatus Illinois FJ171273, FJ171299 
3 Myrsidea simplex Mysi.6.14.2006.3 Turdidae Catharus fuscater Panama FJ171276, FJ171302 
4 Myrsidea sp. Mysp.Hymu.6.14.2006.4 Turdidae Hylocichla mustelina Illinois FJl71284, FJl71311 
5 Myrsidea incerta Myin.6.14.2006.5 Turdidae Catharus ustulatus Illinois FJ171268, FJ171294 
6 Myrsidea sp. Mysp.Hymu.6.14.2006.6 Thrdidae Hylocichla mustelina Illinois FJl71285, FJl71312 
7 Myrsidea incerta Myin.6.14.2006.7 Thrdidae Catharus ustulatus Illinois FJ171269, FJ171295 
8 Myrsidea incerta Myin.6.14.2006.8 Turdidae Catharus minimus Illinois FJ171270, FJ171296 
9 Myrsidea sp. Mysp.Seau.6. 14.2006. 10 Paru1idae Seiurus aurocapillus Illinois FJ171289, FJ171318 
10 Myrsidea ptilostomi Mypt.6. 14.2006. 12 Corvidae Ptilostomus afer Ghana FJ171274, FJ171300 
11 Myrsidea sp. Mysp.Gybu.6. 14.2006. 13 Lybiidae Gymnobucco calvus Ghana FJl71283, FJl71310 
12 Myrsidea minuscula Mymin.7.25.2005.9 Philepittidae Philepitta castanea Madagascar FJl71271, FJl71297 
13 Myrsidea willardi Mywi1.7.25.2005.10 Philepittidae Philepitta schlegeli Madagascar FJ171292, FJl71322 
14 Myrsidea palmeri Mysp.Ancur.8.16.2005.5 Pycnonotidae Andropadus curvirostris Ghana DQ366673, FJl71304 
15 Myrsidea olivacei Myoli.4.24.2006.6 Tyrannidae Mionectes olivaceus Panama FJ171272, FJ171298 
16 Myrsidea chesseri Mysp.Crbar.8.16.2005.2 Pycnonotidae Criniger barbatus Ghana DQ366672, FJl71308 
17 Myrsidea sp. Mysp.Rholi.4.24.2006.3 Tyrannidae Rhynchocyclus olivaceus Panama FJl71288, FJl71317 
18 Myrsidea ledgeri Amsp. Phsoc.5.4.1999.6 Passeridae Philetairus socius South Africa AF545733, AF320429 
19 Myrsidea sp. Mysp.Anvar.5.1.2006.4 Furnariidae Anabacerthia variegaticeps Panama FJl71278, FJl71305 
20 Myrsidea fusca Myfus.4.26.2006.10 Thraupidae Ramphocelus passerinii Panama FJ171267, FJ171293 
21 Myrsidea Mylac.4.19.1999.2 Thraupidae Habia sp. Mexico AF545732, AF545793 
laciniaesternata 
22 Myrsidea sp. Mysp.Eulan.5.1.2006.1 Thraupidae Euphonia laniirostris Panama FJ171282, FJ171309 
23 Myrsidea sp. Mysp. Tadow.4.26.2006.12 Thraupidae Tangara dowii Panama FJ171290, FJ171319 
24 Myrsidea sp. Mysp.Chchr.5.1.2006.2 Thraupidae Chrysothlypis chrysomelas Panama FJl71280, FJl71307 
25 Myrsidea sp. Mysp.Radim.4.24.2006.8 Thraupidae Ramphocelus dimidiatus Panama FJl71287, FJl71316 
26 Myrsidea sp. Mysp.Cymor.2.8.1999.2 Corvidae Cyanocorax morio Mexico FJ171281, AF320431 
27 Myrsidea sp. Mysp. Thpun.4.24.2006.2 Tharnnophilidae Thamnophilus punctatus Panama EU650229, FJl71320 
28 Myrsidea seminuda Mysem.5.1.2006.15 Thraupidae 
29 Myrsidea sp. Mysp.Thgra.5.1.2006.14 Turdidae 
30 Myrsidea sp. Mysp.Pahom.4.24.2006.4 Cotingidae 
31 Myrsidea eisentrauti Myeis.2.3.1999.6 Passeridae 
32 Myrsidea masoni Mysp.Blcan.7.25.2005.7·· Pycnonotidae 
33 Myrsidea marksi Mysp.Phalb.8. 16.2005. 1 Pycnonotidae 
34 Myrsidea mccrackeni Mysp.Oxmad.8.16.2005.9 Sylviidae 
Outgroup 
Ricinus sp. Risp.Cypar.2.6.1999.4 Cardinalidae 
Dennyus hirundinis Dehir.9.26.1997.6 Apodidae 
RESULTS 
The partition homogeneity test between the COl and EF-la 
partitions did not show significant conflict for the Brueelia (P 
= 1.00) or Myrsidea (P = 0.889) data sets. Therefore, we com-
bined these 2 gene partitions for both of the louse data sets. 
The Brueelia data set included an aligned matrix of 733 bp of 
DNA sequence for 42 taxa (3 outgroup, 39 ingroup) and pro-
vided 288 variable characters, of which 212 were parsimony 
informative. For Myrsidea, we analyzed a single aligned matrix 
of 726 bp of DNA sequences for 36 taxa (2 outgroups, 34 
ingroup), providing a total of 303 variable characters, of which 
238 were parsimony informative. 
Among Brueelia ingroup taxa, uncorrected sequence diver-
gence ranged from 0.0% to 14.7% for both genes combined, 
from 0.0% to 22.9% for COl, and from 0.0% to 7.6% for EF-
la. Among Myrsidea ingroup taxa, uncorrected divergences 
were comparatively higher and ranged from 0.28% to 18.1% 
Thraupis palmarum Panama FJ171275, FJ171301 
Turdus grayi Panama FJ171291, FJ171321 
Pachyramphus homochrous Panama FJl71286, FJl71314 
Sporopipes squamifrons South Africa AF545731, AF320428 
Bieda canicapilla Ghana FJ171279, FJ171306 
Phyllastrephus albigularis Ghana DQ366669, FJl71315 
Oxylabes madagascariensis Madagascar DQ860183, FJl71313 
Cyanocompsa parellina Mexico AF385014, AF385033 
Apus apus United AF385013, AF385032 
Kingdom 
for all genes, from 0.0% to 26.7% for COl, and from 0.0% to 
11.8% for EF-la. 
As noted by Johnson et al. (2002), we found 2 indel events 
in COl, including a 3 bp deletion of the 23rd codon position 
and a 6 bp insertion at the 9lst and 92nd codon positions in 
Brueelia. We coded these sites as missing in our analysis (fol-
lowing Johnson et al., 2002). None of the EF-la data or Myr-
sidea COl data contained indels. 
Phylogenetic analyses 
Brueelia species:: MP, ML, and BI analyses of the Brueelia 
data strongly support 2 distinct clades of Brueelia from Catha-
rus thrush hosts that are not sister groups (Fig. 1). The first 
included Brueelia inhabiting migratory Catharus (B. antiqua) 
and the second included Brueelia from the tropical Catharus 
(B. concavus), together with those of wood thrush (Hylochichla 
mustelina). The monophyly of Brueelia from migratory Catha-
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B. antiqua ex Catharus fuscescens* (6) 
B. antiqua ex Catharus ustulatus* (10) 
B. antiqua ex Catharus fuscescens* (2) 
B. antiqua ex Catharus minimus* (5) 
B. antiqua ex Catharus ustulatus* (21) 
B. antiqua ex Catharus ustulatus* (3) 
B. antiqua ex Catharus guttatus* (1) 
B. antiqua ex Catharus ustulatus* (7) 
r--~911~-I B. antiqua ex Catharus guttatus* (22) 
1.0 B. antiqua ex Catharus fuscescens* (23) 
B. antiqua ex Catharus fuscescens* (9) 
..... --B. brunneinucha ex Dumetella carolinensis* (16) 
B. sp. ex Ficedula hyperythra (27) 
B. sp. ex Parus elegans (24) 
r-...:.l~OOI::;:10_0 -f B. sp. ex Sitta frontalis (26) 
1.0 
B. sp. ex Rhipidura nigrocinnamomea (25) 
...... --B. sp. ex Irena puella (39) 
N American 
SE Asian 
-------B. mariana ex Cyanocorax moria (30) Neotropical 
B. concavus ex Catharus fuscator (4) Neotropical 
B. concavus ex Hylocichla mustelina* (11) I N A . 
B. concavus ex Hylocichla mustelina* (8) merlcan 
991100 
1.0 
___ 1_00~110_0_--1 B. laticeps ex Andigena nigrirostris (28) I Nt· I 
1.0 B.laticeps ex Aulacorhynchus prasinus (29) eo roplca 
..... ------- B. sp. ex Megalaima monticola (38) SE Asian 
71155 \ B. vulgata ex Zonotrichia leucophrys leucophrys* (17) 
89164 
1.0 
B. vulgata ex Zonotrichia albicollis* (15) 
..... -- B. sp. ex Carpodacus mexicanus (34) 
.....-~ ..... B. vulgata ex Junco hyemalis· (20) 
1.0 
B. sp. ex Melospiza georgiana* (13) 
B. sp. ex Seiurus aurocapil/us* (18) 
B. anamariae ex Troglodytes aedon* (14) 
..... --- B. sp. ex Melanerpes candidus (33) Neotropical 
NAmerican 
...... -B. sp. ex Parisoma subcaeruleum (32)Atrican 
r--------B. dorsale ex Toxostoma rufum* (19) N American 
. rlcan B. sp. ex Pycnonotus nigricans (36) I At . 
----- B. sp. ex Parus mger (35) 
r------ B. sp. ex Cacicus haemorrhous (31) Neotropical 
..... --B. sp. ex Dolichonyx oryzivorous* (12) N American 
..... ------- B. sp. ex Coracina striata (37) SE Asian 
..... --------------Neopsittaconirmus circumfa$ciatus 
..... --------------Paragoniocotes sp . 
..... ------------------------Struthiolipeurus nandu 
---0.05 substitutions/site 
FIGURE 1. ML tree topology (-In L = 5480.12041) including MP and ML bootstrap values for 1,000 replicates and BI posterior probabilities 
(consensus of 5,000,000 sample trees) for species of Brueelia based on 385 bp of COl and 347 bp of EF-Ia sequence data. MLIMP bootstrap 
values are above the node and BI posterior probabilities are below the node. Only bootstrap values >50% and posterior probabilities >90% are 
shown. Bold taxa are Brueelia chewing lice collected from Catharus thrush hosts. Numbers in parentheses next to host name refer to numbers 
and voucher information listed in Table 1. Host labels with an asterisk indicate that the host is a partial or long distance Nearctic migrant. Those 
without an asterisk are tropical residents. 
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rus hosts is strongly supported by bootstrapping (MP = 100%, 
ML = 99%) and BI posterior probability (100%). Although 
Price et al. (2003) list 2 species of Brueelia found on migratory 
Catharus hosts, our specimens sampled from migratory Catha-
rus spp. show little to no genetic differentiation, with 0%-
1.05% uncorrected mitochondrial COl sequence divergence be-
tween haplotypes. 
Brueelia brunneinucha, from gray catbird (Mimidae: Du-
metella carolinensis), which has a similar habitat and geograph-
ic range to the Catharus thrushes, is relatively well supported 
by bootstrapping (MP = 62%, ML = 72%) and BI posterior 
probabilities (100%) as the sister to B. antiqua from migratory 
Catharus (Fig. 1). Brueelia brunneinucha differs from B. an-
tiqua by an average of 8.49% uncorrected COl sequence di-
vergence. The other well-supported clade (Fig. I; MP = 100%, 
ML = 99%, and BI = 100%) of Brueelia from Catharus thrush-
es includes Brueelia from Catharus juscater, a tropical resident 
Catharus thrush. This Brueelia shows little genetic distinction 
from the Brueelia sp. collected from wood thrush (Hylocichla 
mustelina), a close relative of Catharus (Winker and Rappole, 
1988; Winker and Pruett, 2006). These lice differ by only 
0.53% uncorrected COl sequence divergence. This B. concavus 
clade is sister to Brueelia laticeps from black-billed mountain 
toucan (Andigena nigrirostris) and emerald toucanet (Aulacor-
hynchus prasinus). However, there is little statistical support for 
this sister relationship. 
Brueelia from various small-bodied Neotropical-Nearctic mi-
grants from 4 avian families (Emberizidae, Fringillidae, Paru-
lidae, and Troglodytidae) and white woodpecker (Melanerpes 
candidus) also form a strongly supported clade (MP = 94%, 
ML = 72%, and BI =-100%; Fig. 1). Within this clade, Bruee-
Zia from the swamp sparrow (Emberizidae: Melospiza georgi-
ana) and ovenbird (Parulidae: Seiurus aurocapillus) are rela-
tively well supported as sisters by most analyses (hlP = 99%, 
BI = 100%) and, at 1 % uncorrected COl sequence divergence, 
are only slightly more genetically divergent than other within-
clade comparisons. Therefore, these 2 lice parasitizing geneti-
cally distant hosts from different avian families likely constitute 
a single species. Brueelia anamariae, from the house wren 
(Troglodytidae: Troglodytes aedon), is well supported (MP = 
94%, ML = 93%, and BI = 99%) as sister to Brueelia sp. from 
the swamp sparrow and ovenbird. These 3 louse taxa have an 
average uncorrected COl sequence divergence of 4.79% from 
their sister clade, which includes 3 Brueelia vulgata from the 
dark-eyed junco (Emberizidae: Junco hyemalis), white-throated 
sparrow (Emberizidae: Zonotrichia albicollis), and white-
crowned sparrow (Emberizidae: Zonotrichia leucophrys) and 
Brueelia sp. from the house finch (Fringillidae: Carpodacus 
mexicanus). The house finch, dark-eyed junco, and white-
crowned sparrow were previously recorded as carrying B. vul-
gata (Kellogg, 1896). However, BrueeZia from the house finch, 
which is only weakly supported as sister to B. vulgata from the 
junco and the 2 Zonotrichia sparrows, is genetically distinct 
(average uncorrected COl p-distance = 1l.51 %). In contrast, 
the dark-eyed junco (the type host for B. vulgata), white-
crowned, and white-throated sparrows, which are 3 closely re-
lated host species (Spicer and Dunipace, 2004), are parasitized 
by a strongly supported (MP, ML, and BI = 100%) and genet-
ically indistinct (COl sequence divergence of 0.36%) clade of 
B. vulgata. These 3 host species have similar habitats and geo-
graphical ranges. 
Myrsidea species:: The phylogenetic analyses for Myrsidea 
show higher levels of genetic differentiation than that found 
among taxa in the Brueelia tree (Fig. 2). Three Myrsidea in-
certa individuals collected from 2 host species, the gray-
cheeked thrush (c. minimus) and Swainson's thrush (c. ustu-
latus), form a strongly supported clade (MP = 100%, ML = 
96%, and BI = 100%), although gray-cheeked and Swainson's 
thrushes are not each other's closest relatives (Fig. 2; Winker 
and Pruett, 2006). Uncorrected COl sequence divergence be-
tween M. incerta individuals from these 2 Catharus host spe-
cies average 0.88%, which is low and nearly matches the un-
corrected COl divergence (0%) between 2 Myrsidea pricei col-
lected from hermit thrush (c. guttatus). Both of these intraspe-
cific louse clades (Fig. 2) are strongly supported. The placement 
of Myrsidea sp. from the ovenbird as sister to M. incerta is not 
strongly supported, and average uncorrected COl sequence di-
vergence between M. incerta, M. pricei, and Myrsidea sp. from 
the ovenbird is 9.18%. Myrsidea from the one-colored becard 
(Pachyramphus homochrous) is strongly supported as sister to 
this clade (MP = 73%, ML = 76%, and BI = 100%), although 
the becard is a suboscine passerine and is, therefore, distantly 
related to the other oscine passerine hosts for lice in this clade. 
As we found for Brueelia, Myrsidea from the Neotropical 
resident, C. juscater, falls out in a different clade from the Myr-
sidea of migrant Catharus (Fig. 2), and this clade contains Myr-
sidea from a wide variety of other Neotropical resident hosts. 
However, few of the relationships in this clade are strongly 
supported. Unlike the relationships in the Brueelia tree, Myr-
sidea from the slaty-backed nightingale-thrush (c. juscater) is 
not sister to the Myrsidea from wood thrush. Instead, wood 
thrush Myrsidea are weakly supported as sister to the Myrsidea 
from the crimson-backed tanager (Ramphocelus dimidiatus), a 
Central American resident (Fig. 2). 
Comparison of phylogenies of Brueelia and Myrsidea 
from Catharus thrushes 
Phylogenetic relationships and divergences within Brueelia 
and Myrsidea are incongruent with the phylogenetic history of 
the Catharus thrush hosts (Fig. 3). If cospeciation were com-
mon between this monophyletic group of genetically divergent 
hosts and their chewing lice, one would expect to observe a 
monophyletic clade of genetically divergent lice from Catharus 
thrushes. Instead, BrueeZia from migratory Catharus thrushes 
form a genetically indistinct clade. Also, Brueelia from the 
Neotropical resident slaty-backed nightingale-thrush is indis-
tinct from the sister group of Catharus, the wood thrush, which 
is a Neotropical migrant (Fig. 3). Furthermore, these 2 Catharus 
thrush Brueelia clades are not closely related (Fig. I). Two dis-
tinct Myrsidea, M. incerta and M. pricei, are found on migra-
tory Catharus thrushes and have an average uncorrected COl 
sequence divergence of 7.39%. However, M. incerta is found 
on both C. minimus and C. ustulatus, which are distantly related 
(Fig. 3; Winker and Pruett, 2006), but partially sympatric, host 
species. The wood thrush, which is sister to all Catharus thrush-
es, hosts a Myrsidea sp. that is not closely related to any of the 
lice from Catharus thrushes (Fig. 2). 
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FIGURE 2. BI consensus tree topology including MP and ML bootrap values for 1,000 replicates and BI posterior probabilities (consensus of 
5,000,000 sample trees) for species of Myrsidea based on 379 bp of COl and 347 bp of EF-la sequence data. MLIMP bootstrap values are above 
the node and BI posterior probabilities are below the node. Only bootstrap values >50% and posterior probabilities >90% are shown. Bold taxa 
are Myrsidea chewing lice collected from Catharus thrush hosts. Numbers in parentheses next to host name refer to numbers and voucher 
information listed in Table II. Host labels with an asterisk indicate that the host is a partial or long distance Nearctic migrant. Those without an 
asterisk are tropical residents. 
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FIGURE 3. Molecular phylogeny of the avian Catharus thrush hosts redrawn from Winker and Pruett (2006). Names in bold are Neotropical 
migrant Catharus thrushes. 
Geographic analyses 
The phylogenetic relationships of Myrsidea exhibit biogeo-
graphic structure. For example, I clade (Fig. 2) includes Myr-
sidea collected from Neotropical resident hosts, another in-
cludes Myrsidea collected from 2 Malagasy hosts, and a third 
clade consists mostly of Myrsidea from African hosts, except 
for the scaly-throated foliage-gleaner (Anabacerthia variegati-
ceps) , which is Neotropical. Using the Maddison and Slatkin 
(1992) test, we found that for Myrsidea, when biogeographic 
region where the louse was collected was mapped onto the 
louse topology, its distribution is significantly different than ex-
pected by chance (P = 0.003). For Brueelia, however, the dis-
tribution of biogeographic region on the· phylogeny was not 
significantly different than expected by random chance (P = 
0.593). 
DISCUSSION 
Comparison of phylogenies of Brueelia and Myrsidea 
species 
A comparison of the general phylogenetic patterns for Bruee-
Zia and Myrsidea, concentrating on those codistributed on Ca-
tharus thrushes, indicates that these chewing louse genera have 
different levels of host specificity, consistent with hypothesized 
differences in dispersal. If these genera had cospeciated with 
their Catharus thrush hosts, we would expect to see monophy-
letic groups of Brueelia and Myrsidea from Catharus, with the 
parasite tree's branching events mirroring those of the host. 
However, there is no genetic differentiation among BrueeZia 
samples that we collected from Catharus hosts. This is consis-
tent with failure to speciate, a phenomenon caused by ongoing 
gene flow between parasite populations found on different host 
species (Johnson, Adams et aI., 2003; Banks et aL~2006). Many 
ischnoceran lice, in particular Brueelia, are able to attach to 
hippoboscid flies and hitch a ride to new hosts (Kierans, 1975). 
This mode of dispersal might explain how a single Brueelia sp. 
can move freely among individuals of all of the migratory Ca-
tharus thrush species. Phoresis may also be the mechanism by 
which the tropical resident C. fuscater and migrant H. mustelina 
share identical Brueelia. We have clarified this molecular result 
by comparing the voucher Brueelia specimens from these hosts 
to the holotype specimen of Brueelia concavus, which is housed 
in the Museum fUr Naturkunde der Humboldt-Universitat in 
Berlin, and all 3 voucher specimens morphologically match this 
type specimen. This is a new host record for B. concavus and 
suggests that a North American Neotropical migrant wood 
thrush might have picked up Brueelia from a tropical resident 
host. However, the converse could also be true. Regardless, this 
is one of few definitive demonstrations of a Neotropical migrant 
and resident host species sharing the same louse species. 
Myrsidea differs from Brueelia in that, for the most part, 
distinct Myrsidea species inhabit each of the Catharus thrush 
species. This is not true of M. incerta, which parasitizes both 
Swainson's (c. ustuZatus) and gray-cheeked (c. minimus) 
thrushes, 2 hosts that are not each other's closest relatives 
(Winker and Pruett, 2006). These results suggest either that M. 
incerta has failed to speciate on Swainson's and gray-cheeked 
thrushes due to ongoing dispersal/gene flow opportunities be-
tween hosts or that a recent successful host-switching event has 
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occurred. Swainson's and gray-cheeked thrushes have overlap-
ping migration routes and wintering and breeding ranges (Mack 
and Yong, 2000; Lowther et aI., 2001), so dispersal between 
these hosts is possible. Unlike Brueelia, Myrsidea species are 
unable to hitchhike on hippoboscid flies (Kierans, 1975); there-
fore, the mechanism by which these lice disperse between host 
species is unclear. 
Sympatry and similar habitat preferences of hosts might also 
explain the phylogenetic relationships between M. incerta and 
M. pricei from Catharus thrushes with Myrsidea from ovenbird 
(Parulidae). The data presented here suggest that Myrsidea from 
Catharus thrushes are not monophyletic. Instead, M. incerta, 
from C. ustulatus and C. minimus, is sister to Myrsidea from 
ovenbird, and these are sister to M. pricei (from C. guttatus). 
The hosts of these lice share similar forest understory habitat 
preferences and geographic distributions, which is consistent 
with the hypothesis that sympatry of hosts may have provided 
an opportunity for host switching of Myrsidea between Catha-
rus thrushes (Turdidae) and ovenbird. However, the relation-
ships within this clade are only weakly supported by bootstrap-
ping; additional data and broader sampling of lice from parulid 
hosts are needed to assess the support of the phylogenetic his-
tory of this clade. 
Although a quantitative comparison of branch lengths in the 
Brueelia and Myrsidea trees is difficult on account of differ-
ences in host taxonomic sampling, one can make a rough com-
parison of genetic divergence and phylogenetic history of these 
2 taxa by comparing their scaled ultrametric trees (Fig. 4). The 
Myrsidea ultrametric tree is relatively deep, and terminal branch 
lengths are relatively long, with most hosts harboring geneti-
cally distinct Myrsidea, which suggests that Myrsidea have 
been evolving with their hosts for a considerable time. In con-
trast, the Brueelia ultrametric tree has shallower depth, shorter 
terminal branches, and many more clades of genetically undif-
ferentiated Brueelia from multiple host species. The shallow 
depth and lower levels of genetic divergence at the terminals 
might suggest that in comparison with Myrsidea, Brueelia has 
colonized its hosts more recently, whereas, the genetically iden-
tical BrueeZia found on mUltiple host groups indicate relatively 
low levels of host specificity and relatively more frequent dis-
persal or host-switching. This matches our prediction that 
Brueelia, which is known to "hitchhike" frequently on hippo-
boscid flies (Kierans, 1975), would show patterns indicative of 
a relatively higher frequency of dispersal than would Myrsidea. 
The importance of biogeography 
Global biogeographic region has different patterns of signal 
when mapped onto the Brueelia and Myrsidea louse phyloge-
nies, suggesting that dispersal between hosts may have occurred 
at different time scales in the Brueelia and Myrsidea evolution-
ary histories. The phylogenetic histories of these genera also 
show different levels and patterns of genetic divergence and 
hence, different levels of host specificity. Myrsidea has rela-
tively deep branch lengths and high host specificity, whereas 
Brueelia has relatively shallow terminal branches and low host 
specificity. Myrsidea and Brueelia phylogenies differ in bio-
geographic structure, with Myrsidea showing significant phy-
logenetic signal for biogeographic region that is lacking in 
Brueelia. Other studies have pointed out that biogeographic sig-
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FIGURE 4. Equally scaled (ultrametric) phylogenetic trees for species of Myrsidea and Brueelia based on cor and EF-J ex data for comparison 
of relative divergence times within each of these genera. Branch lengths were calculated using the GTR + I +G and parameters as estimated in the 
Modeltest analysis. Outgroups have been pruned from these trees. 
nal in parasite phylogenies suggests that sympatry or syntopy 
of hosts has provided an opportunity for dispersal, or host-
switching, or both (Weckstein, 2004; Johnson et aI., 2007). 
However, we would argue that dispersal has played a significant 
role in both the Myrsidea and Brueelia evolutionary histories. 
For Brueelia, recent or ongoing dispersal between hosts has 
led to failure to speciate (Johnson, Adams et aI., 2003; Banks 
et aI., 2006) and the sharing of Brueelia species by multiple 
host taxa. For example, there is geographic overlap in the 
breeding range, wintering range, and migration routes of the 
Neotropical migrant Catharus thrush hosts. This overlap may 
create enough opportunities for dispersal and parasite gene flow 
to result in a single Brueelia species infesting all of these host 
species. The same is true for Brueelia vulgata that parasitizes 
3 host species from the avian family Emberizidae and an Asian 
Brueelia species that parasitizes 4 host species, each from a 
different avian family (Fig. 2). As a result of frequent ongoing 
gene flow among Brueelia found on multiple sympatric host 
taxa, we do not see deep biogeographic structure in the Brueelia 
species level phylogeny. Instead, sympatric hosts often share 
the same Brueelia. 
For Myrsidea, biogeography appears to be important, sug-
gesting that host switching, rather than ongoing dispersal, is 
important in their evolutionary history. For example, all of the 
Myrsidea from Neotropical migrants sampled, except for lice 
from the wood thrush, form a monophyletic clade. Myrsidea 
differs from Brueelia in that we found little sharing of geneti-
cally identical or similar lice among sympatric hosts. Only 1 
Myrsidea sampled by us, M. incerta, is found on more than 1 
host species. This suggests that the frequency of successful dis-
persal is comparatively lower for Myrsidea than for Brueelia, 
which is what one w'ould predict given the inability of Myrsi-
dea, and the propensity for Brueelia, to hitchhike on hippobos-
cid flies. Furthermore, ongoing dispersal between,host species 
appears to be limited in Myrsidea, so dispersal may more likely 
be followed by speciation and thus successful host-switching in 
this genus. In contrast, for Brueelia, dispersal events are likely 
frequent and ongoing, causing failure to speciate among Bruee-
lia found on closely related hosts, e.g., Catharus, or partial host 
switching, i.e., no speciation, on morphologically similar sym-
patric hosts, e.g., Seiurus and Melospiza. Alternatively, the mul-
tihost distributions of Brueelia, such as B. antiqua and B. vul-
gata, and also Myrsidea spp., such as M. incerta, from this 
study, could be due to incomplete host-switching (Clayton, AI-
Tamimi, and Johnson, 2003), in which the parasites have re-
cently colonized a new host and either have not had sufficient 
time to diverge or have maintained genetic contact with the 
original source population. One can test whether the multihost 
distributions of parasites are due to ongoing dispersal or recent/ 
incomplete host-switching using population genetic and coales-
cent analyses (Banks and Paterson, 2005). Future work on mul-
tihost parasites identified in this study will focus on compre-
hensive population level sampling of these lice to test these 
alternative hypotheses. 
New host associations and taxonomic implications 
Our analysis of DNA sequence data has implications for 
chewing louse alpha taxonomy and has allowed us to confirm 
new host associations and several previously published, but cur-
BUETER ET AL.-PHYLOGENETICS OF TWO CHEWING LOUSE GENERA 305 
rently unaccepted host associations (Price et aI., 2003). First, 
Price et ai. (2003) list 2 Brueelia species, B. antiqua and B. 
zeropunctata, as being found on the 2 thrushes C. guttatus and 
C. ustulatus, respectively. Our genetic data, which show little 
genetic divergence in BrueeZia from migrant Catharus thrushes 
and a morphological assessment of the BrueeZia voucher spec-
imens (vulval setal counts) are consistent with these hosts shar-
ing a single species of Brueelia. Furthermore, all of the Bruee-
Zia that we sampled from migrant Catharus are genetically and 
morphologically undifferentiated, indicating that all of these 
migrant Catharus (c. guttatus, C. ustulatus, C. minimus, and 
C. Juscescens) thrushes share the same louse species. Thus, B. 
zeropunctata may be a junior synonym of B. antiqua. Addi-
tional work with more comprehensive sampling, including lice 
from Catharus thrush hosts from western North America, 
should clarify this pattern. 
Another thrush louse, B. concavus, was previously known 
only from the Neotropical resident, C. Juscater. However, our 
data show that H. mustelina, a migrant thrush that breeds in 
North America and winters in Central America, carries Brueelia 
that are genetically identical to those found on C. juscater. We 
compared our voucher specimens from both of these hosts with 
digital images of the B. concavus type specimen and verified 
that B. concavus is found on both C. Juscater and H. mustelina. 
Hylocichla mustelina winters in sympatry with the resident C. 
Jus cater, which might explain how these 2 hosts can share the 
same louse species. Finally, Price et ai. (2003) lists Brueelia 
vulgata as parasitizing only 1 host, Junco hyemalis. Although 
J. hyemalis is the type host for B. vulgata, Kellogg (1896) also 
listed the white-crowned sparrow (Zonotrichia leucophrys gam-
belli), golden-crowned sparrow (z. atricapilla), spotted towhee 
(P. maculatus), California towhee (Pipilo crissaZis), house finch 
(Carpodacus mexicanus), purple finch (Carpodacus purpureus), 
and American robin (Turdus migratorius) as hosts for this louse 
species. However, Price et ai. (2003) did not include many of 
Kellogg's multihost records, because a number of authors (Hop-
kins, 1951; Ward, 1953; Palma, 1994) have documented erro-
neous host associations, particularly where Kellogg described 
parasites with widespread host distributions (R. Palma and R. 
Price, pers. comm.). We analyzed DNA sequences of Brueelia 
from Junco hyemalis, white-throated sparrow (Zonotrichia al-
bieollis), Zonotrichia leucophrys leucophrys, and Carpodacus 
mexicanus. We found that B. vulgata from J. hyemalis is nearly 
genetically identical to Brueelia from the sparrows Z. albicollis 
and Z. leucophrys. One of these hosts, Z. albieollis, is a new 
host record for B. vulgata. Therefore, we believe that the 2 B. 
vulgata records from Zonotrichia sparrows reported by Kellogg 
(1896) are correct. We also analyzed sequence data from 1 
house finch Brueelia and found that although they are phylo-
genetically close to the B. vulgata from sparrows, they are ge-
netically distinct. This finding is consistent with findings from 
Carriker (1957), who noted that contrary to Kellogg (1896), the 
Brueelia from C. mexicanus was not morphologically the same 
as the type for B. vulgata. 
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ABSTRACT: We studied the deposition of pupae of the winged bat fly Trichobius sp. (caecus group; Diptera), an ectoparasite of 
Natalus stramineus (Chiroptera, Natalidae), in a natural cave in Tamaulipas, Mexico. For the first time, we show a strong spatial 
segregation of populations of a streblid bat fly at different stages of development. Using molecular techniques we were able to 
match developmental stages to adults. Only 5 pupae were present in the main bat roosts. The overwhelming majority occurred 
exclusively in the bat flyway passages at a considerable distance from roosting bats. Pupal density corresponded positively with 
the average flight height of bats in the cave passage. Taken together, observations suggest that these ectoparasites must actively 
seek out their hosts by moving onto passing or roosting bats. The scarceness of pupae in the main roost may be dictated by 
environmental constraints for their development. The estimated population of viable pupae far exceeds the population of imagoes 
on the bats, and predation on adults by spiders is common. 
The ecology and behavior of both host and parasite influence 
the nature of parasitic associations (Marshall, 1982; Brooks and 
McLennan, 1993; Poulin, 1998; Dick and Patterson, 2007). 
Many arthropod ectoparasites, e.g., fleas, bat flies, have non-
parasitic developmental stages that do not require continuous 
physical association with their adult food source. Such parasites 
have highly developed sensory and locomotive systems, ade-
quate for quick and reliable host location and colonization. 
Therefore, pre-adult stages may live on a substratum other than 
the hosts. Strong evidence suggests that this gives hosts a 
unique opportunity to behaviorally modulate their parasite loads 
(Lewis, 1995; ter Hofstede and Fenton, 2005). By distinguish-
ing parasite-laden sites from other potential nesting sites, the 
host can avoid them through adaptation of nesting cycles (Christe 
et aI., 1994; Moore, 2002; Reckardt and Kerth, 2007). However, 
sensory and locomotive skills also enable the parasite to seek 
substrata that are particularly advantageous to the' development 
of its offspring. This latter aspect of parasite autecology is still 
poorly explored. 
Bat flies (Diptera, Hippoboscoidea) encompass a series of 
bloodsucking true flies adapted exclusively to bats (Dick and 
Patterson, 2006). They show varying degrees of wing and eye 
reduction. Although holometabolous insects, they are adeno-
trophically viviparous flies (sensu Hagan, 1951). Thus, the third 
instar larva is borne from the female imago, which leaves the 
host to find a suitable substrate for deposition, e.g., cave wall. 
The larva then immediately pupates (Overal, 1980; Fritz, 1983). 
Conventional understanding is that bat fly pupae are deposited 
in, or near, the hosts' roost. Indeed, some studies have conclu-
sively shown that certain bat flies deposit larvae in the roost 
(Marshall, 1981; Reckardt and Kerth, 2007). Deposition of bat 
fly pupae on the host itself is considered unusual (Marshall, 
1970). Although this strategy would help ensure association 
with a host, pupae that are so deposited are easily groomed off 
by the host bat (Ching and Marshall, 1968). Because many bats 
re-use roosting sites, pupal deposition in roosts seems logical 
because it ensures (to a certain extent) that emergent offspring 
can quickly and reliably associate with a host, at minimum en-
ergetic costs (Patterson et aI., 2007). This is especially imp or-
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tant given the fact that host specificity patterns demand the bat 
fly find not only a bat, but a particular species, which presum-
ably is a challenging endeavor in sites where multiple species 
roost (Dick, 2007; Dick and Patterson, 2007). 
Bat flies exhibit impressive morphological diversity. Whereas 
many are wingless or have reduced wings-disadvantageous to 
long distance dispersal-others possess fully functional wings. 
Although they are not strong fliers in a traditional brachyceran 
sense, it has been shown that they use flight as means of escape 
or dispersal (Overal, 1980; authors, pers. obs.). Despite this 
obvious morphological variation, bat fly wing development and 
permanence of the host's roosts are not correlated (Patterson et 
aI., 2007). In other words, winged bat flies are no more likely 
to colonize bats roosting in ephemeral structures like tree 
branches or leaves than bats in permanent structures like caves, 
and the same holds true for wingless bat flies. Because it is 
known that roost permanence positively correlates with roost 
fidelity (Kunz et aI., 1983; Ortega and Arita, 1999; Kunz et aI., 
2003), we would likewise expect, based on Patterson et al. 
(2007), that wing morphology is not tracking roost fidelity. This 
is perplexing and points to potential influences from bat fly 
developmental patterns, which are generally poorly studied. In 
the present paper, we offer such evidence as gathered from Tri-
chobius sp., a winged bat fly, parasitizing Natalus stramineus, 
a cave roosting bat with high roost fidelity. 
MATERIAL AND METHODS 
Our study site is located in the State of Tamaulipas, Municipio de 
Tamufn, Mexico, in a cave on the property of the Hotel Taninul, named 
Taninul 1. The cave is oriented perpendicular to the scarp, intersecting 
the Cretaceous reef trend (Fish, 1977). The cave floor and passageway 
gradually elevate, the latter gated approximately 65 m inside the main 
entrance. After the gate, passages diminish in height. Whereas area A 
(Fig. IA) still has ceiling heights averaging 6.85 m, the upper level 
(Fig. lA) is typically between 2 to 3 m high. Passage B enters the main 
passage A ca. 3 m off the ground. Passage C has a 10 m deep drop in 
a fissure, and passage D sinks to a lower level relative to B. Scalloping 
of the walls in passage A and B, as well as the meandering of passage 
D, might be an indication of moderate flow velocity in the vadose (wet) 
stage of the cave (Fish, 1977). Whereas the climate in passages A, B, 
and part of D can presently be described as relatively dry (humidity 
between 30 and 40%), passage C and the posterior part of D are hot 
(max. 40 C), with humidity over 90% (cave walls are dripping wet) 
(Fig. lA). In these areas, no air circulation is present. Roosts of N. 
stramineus are found here. 
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TABLE II. Results of the statistical analyses. 
Statistical 
measure 
Mann-Whitney U 
Spearman rank* 
p 
Low vs. 
medium 
89.5 
<0.0001 
Low vs. 
high 
38.0 
<0.0001 
* Density/square versus collection height. 
Medium vs. 
high r 
272.0 
0.7826 
(0.6736-0.8582) 
0.7215 <0.0001 
Spearman rank correlation shows the height of pupal depo-
sition is significantly correlated with the number of potentially 
viable pupae. Specifically, the lowest numbers per square occur 
at floor level, whereas the larger pupal populations occur at 
middle to high sidewall level (Table II). Mann-Whitney U-tests 
show that the middle and high levels have significantly greater 
pupal densities than the lower level in both passages (Table II). 
DISCUSSION 
All bat flies are known to deposit their offspring in the host's 
surroundings, and an appreciable duration of their life cycle is 
spent as a pupa (Marshall, 1981). However, little is known 
about their substratum and microclimate preferences. Trichob-
ius major, a distant relative of Trichobius sp., is known to de-
posit its pupae on a smooth surface in the vicinity (Overal, 
1980) or away from the host's roosting site (Ross, 1961); nei-
ther of these 2 studies, however, quantified the distance. Per-
sonal observation by C. Dick indicated that Puerto Rican Tri-
chobius intermedius do deposit pupae directly in its host's roost 
(Dick and Patterson~ 2006). Therefore, pupal deposition pat-
terns appear to be variable, even among congeneric bat fly spe-
cies. Like Megistopoda aranea, which show no preference for 
surface orientation (Overal, 1980), Trichobius sp. pupates on 
both horizontal and vertical surfaces. The presence of eclosed 
and uneclosed pupae suggests repeated use of these surfaces as 
a field for deposition. No pupae of N. natali were found in 
either of the passages. Nycterophiliinae may drop their pupae 
freely, since their puparia do not possess attachment margins 
(R. Wenzel, in Marshall, 1981). The presence of the postero-
ventral depression in Trichobius sp. pupae is interesting. 
Whereas it might be interpreted as an artifact of its molding to 
the underlying surface during the hardening of the pupal cuticle, 
studies on multiple specimens show its presence in the same 
place, regardless of the orientation on the substratum. There-
fore, this structure might aid in their firm attachment to the cave 
wall. 
Emergence from the pupiparum in some bat flies is thought 
to be triggered by the presence of bats (Ryberg, 1947; Marshall, 
1970; Reckardt and Kerth, 2007). Variation in development 
time within species also implies that diapause can be used to 
modulate emergence in bat flies, once required development has 
been achieved. However, it is unclear whether Trichobius sp. 
makes use of this strategy. The continual presence of its host 
may not require a strategy involving diapause. At this point, it 
is unclear whether Trichobius sp. emerges spontaneously or in 
direct response to host cues. 
Interestingly, the pupal population of Trichobius sp. seems 
to be up to several times larger than the adult fly population. 
Still, our numbers could be an underestimation, since we did 
not consider adults that remained in the roost itself, and thus 
adult fly abundance could be even greater. However, our results 
coincide with previous studies. Reckardt and Kerth (2007) have 
shown that only 57% to 30% of all deposited puparia of Basilia 
nana (Nycteribiidae) of male and female Bechstein's bats (My-
otis bechsteinii), respectively, emerge successfully and are thus 
able to find a host, since B. nana deposits directly into the roost. 
Considering Reckardt and Kerth's (2007) data, 1 wall of the 
pupae in passage B would suffice to sustain the adult population 
of Trichobius sp., presuming that all emerged flies actually 
found a host. But this is likely to rarely be the case, and pre-
dation by Filistatoides sp. (spider) is high. At this time, we are 
unable to quantify predation by spiders and other arthropods 
and assume that the discrepancy in the adult to pupa ratio also 
might be due to a substantial number of emerged flies being 
unable to reach a host in time or to the mortal effects of host 
grooming (Dick and Patterson, 2008). 
Our studies clearly show that Trichobius sp. deposits its pu-
pae away from the hosts' roost. Trichobius sp. have generally 
been classified as weak fliers (Marshall, 1981). This somewhat 
arbitrary categorization is tacitly assumed to correlate with the 
flies' inability to move out of the immediate vicinity of the 
roost. This assessment runs contrary to our results, indicating 
that Trichobius sp. pupae can be found more than 20 m distant 
from the nearest roost. Finding and colonizing a host from this 
emergence site would pose challenges to a bat fly. It indicates 
that the parasite might be able to fly or crawl longer distances 
back to the roosting bats than previously assumed. Alternative-
ly, Trichobius sp. may seek out a passing host when bats leave 
the cave through passage B to forage at night. In addition to 
risking depredation by agile, echolocating, insectivorous bats, 
this strategy would require highly developed sensory perception 
to enable quick and reliable host finding. The significant ver-
tical stratification of pupal densities, which coincide with the 
preferred flight path of the bats, lends some credence to the 
latter scenario. However, unrecorded microclimatic preferences, 
Le., humidity and temperature gradients, could equally explain 
the data. 
The stark spatial segregation of the adult parasite and its 
pupae is somewhat puzzling considering the high roost fidelity 
of N. stramineus. We would expect to find the pupae close to 
the host's roost, to minimize costs of pupal deposition and to 
maximize probability of new adults locating the host. Loco-
motory energetics notwithstanding, substantial predation on 
adult Trichobius sp. by spiders certainly indicates a cost for 
having a pupal deposition area spatially segregated from the 
roosting adult bats. However, the complex life cycles of holo-
metabolous parasites allow them to track different environments 
depending on the developmental stage. While immediate access 
to the host may seem important for the adult bloodsucking bat 
fly, the non-feeding pupa might require a substantially different 
set of environmental parameters to complete development. Re-
cent studies indicate that there is greater variation in lower than 
in upper thermal limits in insects. Additionally, it is known that 
variation in developmental conditions can influence adult traits 
such as metabolic rate, desiccation rate, fluctuating asymmetry, 
or host fidelity (Lewis, 1996; Polak and Starmer, 2005; Ter-
blanche and Chown, 2006; Henry et al., 2008). We found only 
5 pupae in the hot and humid roosting passage (D) of the cave. 
This suggests that Trichobius sp. pupae may not be able to 
complete their life cycle in this environment, and adult bat flies 
seek drier, cooler regions of the roost to deposit their pupae and 
thus increase the likelihood of successful development. Fur-
thermore, environmental conditions in that part of the cave may 
be more constant than in the hot and humid part, which depends 
on epigean water sources that may decrease during dry season 
(Wehbe et aI., 2006) or may cool or heat rapidly depending on 
the presence of bats. All extant Natalidae prefer humid cave 
microenvironments for their roosting sites (Davalos, 2005; Te-
jedor et al., 2005). Although it is possible that their ancestors 
roosted in dryer parts of the cave and that their extant roost 
preference is driven by parasite avoidance behavior, these ex-
planations are not exhaustive. According to recent evidence, 
roosting preferences of natalids might rather be correlated to 
their evolutionary origin on hurricane-prone islands in the Ca-
ribbean, which drove them to use deeper parts of long tropical 
caves as refuges (Davalos, 2005). 
To gain a better understanding of the spatial and temporal 
interplay of different environmental conditions for both the host 
and the parasite, further studies are needed. These studies 
should extend to a variety of bat flies and their hosts and should 
center on assessing the dispersal ability and host finding effec-
tiveness of bat flies, as well as microclimatic influences on bat 
roosting behavior and bat fly pupal deposition patterns. Results 
from such studies would identify local host-specific selective 
pressures that influence parasite diversification and speciation 
and could be used to elucidate evolutionary trends in bat fly 
parasitism. 
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TWO NEW SPECIES OF GYRODACTYLUS VON NORDMANN, 1832 
(MONOGENEA: GYRODACTYLIDAE) PARASITIZING GIRARDINICHTHYS MUL TIRADIATUS 
(CYPRINODONTIFORMES: GOODEIDAE), AN ENDEMIC FRESHWATER FISH FROM 
CENTRAL MEXICO 
Carlos A. Mendoza-Palmero*, Ana L. Sereno-Uribe, and Guillermo Salgado-Maldonado 
Laboratorio de Helmintologia, Instituto de Biologia, Universidad Nacional Autonoma de Mexico, Apartado Postal 70-153, C.P. 04510, 
Mexico DF, Mexico. e-mail: cmpamtheus@yahoo.es 
ABSTRACT: Gyrodactylus mexicanus n, sp, and Gyrodactylus lamothei n, sp, are described from the fins and skin of Girardini-
chthys multiradiatus, an endemic freshwater fish from central Mexico. Gyrodactylus mexicanus is compared to other Gyrodactylus 
species that parasitize Fundulus spp., the phylogenetically closest group to the Goodeidae from North America. Gyrodactylus 
mexicanus is distinguished by having large anchors with well-developed superficial roots, enlarged hooks with a proximally 
disrupted shank (ligament), and a ventral bar with 2 poorly developed anterolateral projections and a small medial process. 
Gyrodactylus lamothei is distinguished from G. mexicanus and from other species of Gyrodactylus on the North American 
continent by having anchors with a sclerite on the superficial root and robust hooks with a straight shaft and a recurved point. 
The freshwater fish family Goodeidae (Teleostei: Cyprino-
dontiformes) includes the Empetrichthyinae, with 4 species dis-
tributed in the western Great Basin of the United States, and 
the Goodeinae, with approximately 36 endemic species, mainly 
distributed in the Mexican Highland Plateau and throughout the 
Mexican Transvolcanic Belt (Webb et aI., 2004). Several hel-
minthological surveys focused on goodeines have recorded the 
presence of endohelminths specific to these fish, i.e., the dige-
neans Margotrema bravoae Lamothe-Argumedo, 1970, and 
Margotrema guillerminae Perez-Ponce de Le6n, 2001, and the 
nematodes Rhabdochona lichtenfelsi Sanchez-Alvarez, Garcfa-
Prieto, and Perez-Ponce de Le6n, 1998, and Rhabdochona 
ahuehuellensis Mejia-Madrid and Perez-Ponce de Le6n, 2003. 
However, other heiminths with greater host specificity, such 
as monogeneans, have been less studied in goodeines. Only 3 
species of monogeneans have been reported from.these fish in 
several states of Mexico: Gyrodactylus elegans von Nordmann, 
1832, collected from Girardinichthys multiradiatus (Meek, 
1904) in Lago de Chicnahuapan, State of Mexico; Gyrodactylus 
sp. collected from the same host in body waters (small ponds) 
in La Cantera Oriente, Mexico City; and Salsuginus sp. col-
lected from Chapalichthys encaustus (Jordan and Snyder, 1899) 
in Lago de Chapala, Jalisco, collected from Characodon audax 
Smith and Miller, 1986, from a spring, EI Toboso, Durango, 
collected from Goodea atripinnis Jordan, 1880, and Xenotoca 
variata (Bean, 1887) from the La Laja River, Guanajuato, and 
collected from G. atripinnis, X. variata, and Zoogoneticus 
quitzeoensis (Bean, 1898) from a spring, La Mintzita, Michoa-
can, Mexico (Sanchez-Alvarez et aI., 1998; Salgado-Maldonado 
et aI., 2001; Mejia-Madrid and Perez-Ponce de Le6n, 2003; 
Sanchez-Nava et aI., 2004; Martfnez-Aquino et aI., 2004; Sal-
gado-Maldonado, 2006; Martinez-Aquino et aI., 2007; Men-
doza-Palmero et aI., 2007; Perez-Ponce de Le6n et aI., 2007). 
A survey of helminth parasites of G. multiradiatus from Lago 
de Chicnahuapan, Lerma River basin in central Mexico, has 
revealed the presence of 2 new species of Gyrodactylus, which 
are described herein. 
Received 27 June 2008; revised 18 August 2008; accepted 10 Sep-
tember 2008. 
* Present address: Institute of Parasitology, Biology Centre of the Czech 
Academy of Sciences, Branisovskl:i 31, 370 05 Ceske Budejovice, 
Czech Republic. 
315 
MATERIALS AND METHODS 
Specimens of G. multiradiatus were collected using hand dip nets 
from Lago de Chicnahuapan, State of Mexico, Mexico. Fish were trans-
ported alive to the laboratory and kept in aquaria until examination. 
Once killed, they were immediately placed in Petri dishes with tap water 
for viewing with a stereomicroscope. The collected gyrodactylids were 
fixed in hot 4% formalin, or with glycerin ammonium picrate (GAP) 
for the study of sclerotized structures. After morphological evaluation, 
the specimens fixed with GAP were remounted in Canada balsam (Er-
gens, 1969). Specimens fixed in hot 4% formalin were stained with 
Gomori's trichrome and mounted as whole mounts in Canada balsam 
(Mendoza-Franco and Vidal-Martfnez, 2001). Illustrations were ob-
tained with the aid of a camera lucida. 
Measurements are presented in micrometers (fLm), with the mean 
followed by the range and number (n) of specimens measured in pa-
rentheses (Kritsky and Stockwell, 2005). Anatomical terminology fol-
lows that of Kritsky and Stockwell (2005) and Bakke et al. (2007). 
Type and paratypes specimens were deposited in the Colecci6n Na-
donal de Helmintos (CNHE), Instituto de Biologfa, Universidad Na-
donal Aut6noma de Mexico, Mexico, and in the Institute of Parasitol-
ogy, Academy of Sciences (IPCAS), Ceske Budejovice, Czech Repub-
lic, as indicated in the following descriptions. 
DESCRIPTION 
Gyrodactylus mexican us n. sp. 
(Figs. 1-5) 
Description (based on 34 specimens): Body elongate, 336 (239-425; 
n = 18) long; greatest width 57 (40-68; n = 13) at level of uterus 
containing embryo. Cephalic lobes moderately developed each contain-
ing a spiked sensilla. Cephalic glands distributed anterior, lateral, and 
posterior to pharynx. Pharynx with 2 sub-spherical bulbs; anterior bulb 
16 (13-19; n = 18) wide; posterior bulb 20 (17-23; n = 18) wide. Two 
groups of esophageal glands located lateral to esophagus. Esophagus 
moderately long. Intestinal ceca not confluent posterior to gonads. Testis 
and proximal portion of vas deferens not observed. Seminal vesicle 
emptying into copulatory organ, folded anterodorsally. Two bilateral 
prostatic glands, one lying on each side of seminal vesicle, emptying 
into copulatory organ. Copulatory organ 12 (10-15; n = 23) wide, 
armed with 1 large spine and 2 spinelets with irregular base. Ovary 21 
(13-28; n = 26) long, 23 (16--30; n = 26) wide. Uterus with 1 or 2 
generations of embryos. Gland-like masses located in posterior trunk. 
Haptor sub-rectangular 81 (64-100; n = 22) long, 45 (25-65; n = 12) 
wide. Anchor 62 (60-66; n = 34) long, with curved shaft, straight point; 
well-developed superficial root folded posteriorly and with a groove; 
superficial root 29 (26-32; n = 34) long. Ventral bar 31 (28-33; n = 
29) long, 33 (31-35; n = 27) wide, with 2 poorly developed anterolat-
eral projections, and a small medial process; pyramidal shield 22 (20-
23; n = 27) long, with 2 conspicuous medial streaks, extending to 
posterior end of anchor. Dorsal bar 28 (25-32; n = 23) long, straight 
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ISOLATION OF TOXOPLASMA GONDII FROM ANIMALS IN DURANGO, MEXICO 
J. P. Dubey, G. V. Velmurugan, C. Alvarado-Esquivel*, D. Alvarado-Esquivel', S. Rodrlguez-Pei'ia*, S. Martlnez-Garcla*, 
A. Gonzalez-Herrera*, L. R. Ferreira, O. C. H. Kwok, and C. Sut 
Animal Parasitic Diseases Laboratory, Animal and Natural Resources Institute, Beltsville Agricultural Research Center, United States 
Department of Agriculture, Beltsville, Maryland 20705-2350. e-mail: jitender.dubey@ars.usda.gov 
ABSTRACT: Little is known concerning the epidemiology of Toxoplasma gondii infection in people and animals in rural Mexico. 
Serum samples and tissues from 150 dogs (Canis familaris), 150 cats (Felis catus), 65 opossums (Didelphis virginianus), 249 
rats (Rattus spp.), 127 mice (Mus musculus), and 69 squirrels (Spermophilus variegatus) from the Durango area were evaluated 
for T. gondii infection. Using a modified agglutination test and a serum dilution of 1:25, antibodies to this parasite were found 
in 68 (45.3%) of 150 dogs, 14 (9.3%) of 150 cats, 11 (16.6%) of 66 opossums, 2 (0.8%) of 249 rats, 4 (3.1 %) of 127 mice, and 
o of 69 squirrels. Tissues (brain and heart) of dogs, cats, opossums, rats, mice, and squirrels were bioassayed in mice for the 
presence of T. gondii. Viable T. gondii was isolated in tissues from 3 of 28 seropositive dogs and 5 of 8 seropositive cats, but 
not from the other animals. The DNA obtained from the 3 T. gondii isolates from dogs, 6 isolates from 5 cats, and 4 isolates 
from free-range chickens from Mexico, previously isolated, were genotyped. The PCR-RFLP typing, which used 11 markers (B1, 
SAG1, SAG2, SAG3, BTUB, GRA6, c22-8, c29-2, L358, PK1, and Apico), identified 5 genotypes. One genotype (the 4 chicken 
isolates) belongs to the clonal Type III lineage, three genotypes were reported in previous reports, and 1 genotype is unique. 
Toxoplasma gondii antibodies have been found in one third 
of the world's human population (Dubey and Beattie, 1988; 
Tenter et aI., 2000). Although T. gondii infections are generally 
asymptomatic, toxoplasmosis can be a serious illness in humans 
(Montoya and Liesenfeld, 2004). Cats (Felis catus) are the de-
finitive hosts for T. gondii; therefore, a major route of parasite 
transmission in humans and animals is via ingestion of food or 
water contaminated with oocysts shed by cats. In addition, the 
parasite is transmitted by consumption of undercooked, or raw, 
meat containing tissue cysts. 
We have started an epidemiologic study of T. gondii infection 
in Durango, Mexic~. Recently, antibodies to T. gondii were 
found in 51.5% of 101 dogs (Canis Jamilaris), 21 % of cats, and 
23.8% of 463 persons from rural Durango (Alvarado-Esquivel 
et aI., 2007; Dubey, Dubey, Alvarado-Esquivel et al., 2007; 
Alvarado-Esquivel et aI., 2008). In the present study, we made 
I1Jl attempt to isolate viable T. gondii from dogs, cats, opossums 
(Didelphis virginianus), rats (Rattus spp.), mice (Mus muscu-
lus), and squirrels (Spermophilus variegatus) from Durango, 
Mexico. 
MATERIALS AND METHODS 
. Animals surveyed in the present study from the 
Durango City area 
Dogs and cats: One hundred and fifty dogs and 150 cats in the animal 
shelter in Durango, Mexico, from April to September 2007, were sur-
veyed. The animal shelter accepts stray dogs and cats captured on the 
streets of Durango City, as well as unwanted pet dogs and cats given 
by the owners for adoption. 
Dogs: Dogs were 0.3-10 yr old; 87 were male and 63 were female; 
95 were healthy, 48 were ill, and 7 were road-injured; 122 were strays 
and 28 were pets; 144 were cross-bred and 6 were pure-bred; and 118 
resided in urban areas, 28 in suburban areas, and 4 in rural areas. Most 
dogs ate a combination of 2 or more of the following foods, i.e., com-
Received 15 September 2008; revised 30 September 2008; accepted 
6 October 2008. 
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mercial food for dogs, home-made food, and garbage. However, com-
mercial food seemed to be a regular diet in 40 of the dogs. 
Cats: One hundred and forty-nine cats were cross-bred and 1 was 
pure-bred. Cats were 0.3-10 yr old; 80 were female and 70 were male; 
126 were healthy, 22 were ill, and 2 were road injured; 79 were strays 
and 71 were pets. One hundred and twenty-five cats resided in urban 
areas, 22 in suburban areas, and 3 in rural areas. Most cats ate a com-
bination of 2 or more of the following foods, i.e., commercial food for 
cats, home-made food, garbage, and wild-caught prey. However, com-
mercial food seemed to be a regular food in 66 of the cats. 
Rats: Two hundred and forty-nine rats, captured from April 2007 to 
May 2008, were studied in Durango, Mexico. One hundred and eighty-
six rats were caught in rural areas, 25 in suburban areas, and 38 in 
urban areas, 146 rats were females, and 103 were males. 
Mice: One hundred and twenty-seven mice, captured from April 2007 
to May 2008, were studied in Durango, Mexico. Ninety-seven mice 
were captured in urban areas, 3 in suburban areas, and 27 in rural areas; 
52 mice were male and 75 were female. 
Squirrels: Sixty-nine squirrels were studied during October 2007 to 
May 2008 in Durango, Mexico; 67 squirrels were trapped and 2 were 
road-kills. Thirty-two squirrels were male and 37 female; 68 were adults 
and 1 was a juvenile; 34 squirrels were captured in rural areas, 33 in 
urban areas, and 2 in suburban areas. 
Opossums: Sixty-six opossums (Didelphis virginiana) were studied 
during May 2007 to April 2008 in Durango, Mexico. Fifty-three opos-
sums were trapped and 13 were road-kills; 34 opossums were male and 
32 female. Thirty-nine were adults and 27 were juveniles; 51 were 
caught in rural areas, 8 in suburban areas, and 7 in urban areas . 
Chickens: In a survey of 208 free-range chickens (Gallus domesticus) 
from Estado de Mexico and D. E Mexico in 2002 and 2003, viable T. 
gondii was isolated from 6 chickens (Dubey et al., 2004). Four of the 
6 cryopreserved isolates could be revived for the present study. These 
isolates were from chicken nos. 2, 20, 30, and 93 and are designated 
herein as TgCkMxl-4. The infected chickens were from different sourc-
es. 
Serological examination 
Serum samples were tested for T. gondii antibodies, using dilutions 
from 1:25 to 1:3,200, with the modified agglutination test (MAT) as 
described by Dubey and Desmonts (1987). 
Bioassay for T. gondii 
Tissues of seropositive animals (Table I) were bioassayed individually 
for T. gondii in mice. Samples (50 g or less) of brain and heart were 
homogenized separately, digested in acid-pepsin (Dubey, 1998), and 
processed for inoculation into 5-15 out-bred female Swiss Webster 
(SW) mice obtained from Taconic Farms, Germantown, New York, as 
described by Dubey et al. (2002). Tissues of seronegative rodents were 
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TABLE 1. Seroprevalence of Toxoplasma gondii in animals from Mexico. 
No. positive by No. positive by 
Species No. tested bioassay serology (%) 
Dogs 150 3/28* 68 (45.3) 
Cats 150 5/8* 14 (9.3) 
Opossums 66 0 11 (16.6) 
Rats 249 0 2 (0.8) 
Mice 127 0 4 (3.1) 
Squirrels 69 0 0 
* No. positive/no. of seropositive animals bioassayed. 
pooled in groups of 2-10, digested in pepsin, and bioassayed in mice. 
The inoculated mice were examined for T. gondii infection. Tissue im-
prints of lungs and brains of mice that died were examined for T. gondii 
tachyzoites or tissue cysts. Survivors were bled on day 41 post-inocu-
lation (PI), and a 1 :25 dilution of serum from each mouse was tested 
for T. gondii antibodies with the MAT. Mice were killed 43 days PI, 
and brains of all mice were examined for tissue cysts, as described 
(Dubey and Beattie, 1988). The inoculated mice were considered in-
fected with T. gondii when tachyzoites or tissue cysts were found. 
Genetic characterization 
Toxoplasma gondii DNA was extracted from tissues of mice, and 
strain typing was performed using genetic markers SAGl, SAG2, 
SAG3, BTUB, GRA6, c22-8, c29-2, L358, PK1, and Apico (Dubey et 
aI., 2006; Su et aI., 2006). 
RESULTS 
Antibodies to T. gondii were found III 68 (45.3%) of 150 
dogs, 14 (9.3%) of 150 cats, 11 (16.7%) of 66 opossums, 2 
(0.8%) of 249 rats, 4 (3.1 %) of 127 mice, and 0 of 69 squirrels, 
with MAT titers of 1 :25 or higher (Table I). 
Toxoplasma gondii was isolated from tissues of 3 of 28 se-
ropositive dogs and 5 of 8 seropositive cats (Tab1eiI), but not 
from other animals. None of the isolates was virulent for mice. 
It is noteworthy that T. gondii was isolated from the hearts of 
4, and the brain of only 1, of 5 infected cats. 
Five genotypes were identified, and none of the isolates from 
animals from Mexico was clonal (Table III). Two isolates were 
identified from cat 28 (TgCatMxl, TgCatMxlb), indicating a 
mixed infection. Genotype #1 (TgDgMxl, TgDgMx3, Tg-
CatMxl) was previously reported in sheep (Ovis aries) from 
the United States (Dubey, Sundar et a!., 2008) and in white-
tailed deer (Odocoileus virginianus) (Dubey, Velmurugan et aI., 
TABLE II. Isolation of Toxoplasma gondii from animals from Mexico. 
Date Bioassay* Animal killed MAT 
ID in 2007 titer Heart Brain Strain designation 
Dog 22 5-17 400 0 TgDgMxl 
Dog 43 5-17 200 1 0 TgDgMx2 
Dog 54 5-29 200 0 I TgDgMx3 
Cat 28 6-11 800 3 0 TgCatMxla, TgCatMxlb 
Cat 44 6-11 100 2 0 TgCatMx2 
Cat 52 6-18 800 2 0 TgCatMx3 
Cat 65 6-25 800 2 0 TgCatMx4 
Cat 98 8-6 200 0 3 TgCatMx5 
* No. of mice infected with T. Rondii of the 4 mice inoculated. 
No. of animals with MAT titers of: 
25 50 100 200 400 800 
32 22 5 7 2 0 
8 0 2 2 0 4 
2 4 2 
0 0 0 0 
2 0 0 0 
2008). Genotype #2 (TgCatMxlb) was unique; Genotype #3 
(TgCkMxl, 2, 3, 4) included all 4 isolates from chickens, and 
they were identical to the Type III lineage. Genotype #4 
(TgCatMx2, TgCatMx5, TgCatMx3, TgCatMx4) was previous-
ly reported in cats from China (Dubey, Zhu et aI., 2007), dogs 
from Vietnam (Dubey, Huong et aI., 2007), dogs from Sri Lan-
ka (Dubey, Rajapakse et aI., 2007), a dog from Columbia (Dub-
ey, Cortes-Vecino et aI., 2007), sheep from the United States 
(Dubey, Sundar et aI, 2008), and chickens from Brazil (Dubey, 
Sundar et aI., 2007). Genotype #5 (TgDgMx2) was previously 
reported in sheep from the United States (Dubey, Sundar et aI., 
2008). 
DISCUSSION 
Why the seroprevalence of T. gondii in the present study in 
cats was much lower (9% vs. 21 %) than reported by us previ-
ously (Alvarado-Esquivel et aI., 2007) is not known. In both 
surveys, the same techniques were used and the same person 
performed the serologic testing. Garcia-Marquez et ai. (2007) 
found T. gondii antibodies in 28.8% of 80 cats from Colima. 
The prevalence of T. gondii in rodents in the present study 
was very low, and T. gondii was not isolated from tissues of 
rodents, irrespective of the antibody status. We bioassayed tis-
sues of both seropositive and seronegative rodents because T. 
gondii was previously isolated from tissues of seronegative ro-
dents (Dubey et aI., 1995: Dubey et aI., 1997). Roch and Varela 
(1966) reported T. gondii antibodies in 36.3% of 350 rats from 
Mexico, but that survey was conducted more than 40 yr ago. 
The absence of T. gondii in squirrels is of special interest be-
cause ingestion of squirrel meat was recently identified as a risk 
factor for T. gondii infection in humans in rural Durango (Al-
varado-Esquivel et aI., 2008); these squirrels are frequently 
hunted and consumed by humans in rural Durango. 
The low prevalence of T. gondii in cats reflects a low prev-
alence of T. gondii in the small mammals and birds that cats 
may hunt. We are not aware of T. gondii isolation from any 
small mammal species in Mexico. The prevalence in free-range 
chickens from Mexico was also low; antibodies were found in 
6.2% of 208 chickens, and viable T. gondii was isolated from 
6 of 13 seropositive chickens (Dubey et aI., 2004). 
Genotyping data indicate that 4 of the 5 genotypes were pre-
viously reported, including one (#3) that belongs to the wide-
spread clonal Type III lineage; 1 (#4) identified from several 
countries, i.e., in Asia, North America, and South America; and 
2 (#1, #5) reported from the United State. Only 1 genotype (#2) 
is unique among the 13 isolates in the present study. 
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ISOLATION OF TOXOPLASMA GONDII FROM GOATS FROM BRAZIL 
A. M. A. Ragozo, L. E. O. Vai*, L. N. Oliveira, R. A. Dias, H. C. Gon~alvest, S. S. Azevedo:j:, J. P. Dubey§, and 
S. M. Gennari 
Department of Preventive Veterinary Medicine and Animal Health, Faculdade de Medicina Veterinaria e Zootecnia, Universidade de Sao Paulo, 
Av. Prof Orlando Marques de Paiva, 87, CEP 05508-270, Sao Paulo, Brazil. e-mail: jitender.dubey@ars.usda.gov 
ABSTRACT: Goats are economically important in many countries, and little is known of caprine toxoplasmosis in Brazil. Anti-
bodies to Toxoplasma gondii were assayed in the sera of 143 goats from 3 Brazilian states, using modified agglutination test 
(MAT titer ;:0" I :25); 46 (32.2%) tested positive. Samples of brain, heart, diaphragm, and masseter of seropositive animals were 
pooled, digested in pepsin, and bioassayed in mice. Viable T. gondii specimens were isolated from tissue homogenates of 12 
goats; the isolates were designated TgGtBrl-12. Ten of the 12 isolates killed 100% of infected mice, indicating that goats can 
harbor mouse-virulent T. gondii and, hence, can serve as a source of infection for humans. 
Toxoplasma gondii can cause abortion and neonatal mortality 
in goats, and even adult goats can die of toxoplasmosis (Dubey 
and Beattie, 1988). In addition, goat meat and milk can be a 
source of infection for humans (Riemann et aI., 1975; Sacks et 
aI., 1982; Chiari and Neves, 1984; Skinner et aI., 1990). Sero-
logic surveys (Table I) indicate the presence of T. gondii infec-
tion in Brazilian goat, but little is known of the prevalence of 
viable T. gondii in meat and the effect of production systems 
on T. gondii prevalence in goats in Brazil. The main objective 
of the present study was to isolate viable T. gondii from natu-
rally infected goat tissue. 
MATERIAL AND METHODS 
Goats 
In total, 143 goats (52 females, 91 males) were sampled from 6 coun-
ties in the Brazilian states of Bahia (10), Rio Grande do Norte (19), 
and Sao Paulo (114) during March 2004 to July 2006 (Fig. I). Most 
(83.2%) goats were young (4 to 12 mo old), and only 24 (16.8%) were 
adults. The breeds sampled were: Pardo Alpino (55), Saanen (24), and 
mixed breed (64). The systems of production were intensive (62 ani-
mals) and semi-intensive (52 animals); in samples collected from 29 
goats, production system was unknown. 
Goats sampled were slaughtered in commercial abattoirs, and samples 
of blood, brain, diaphragm, masseter, and heart were collected from each 
animal and transported on ice to the Faculty of Veterinary Medicine, Uni-
versity of Sao Paulo, Sao Paulo (FMVZ-USP) for T. gondii testing. 
Serologic examination 
Sera samples were analyzed for antibodies to T. gondii by the modified 
agglutination test (MAT) as described previously (Dubey and Desmonts, 
1987). Sera samples were initially screened at I :25, I :50, I: 100, and 1:200 
dilutions. Sample with titers ;:0,,1:200 were diluted 2-fold and end-titrated. 
Positive and negative controls were included in each test, and titers 
;:0" 1 :25 were considered positive. Tissues were stored at 4 C until sera had 
been screened for T. gondii antibodies (approximately 24 hr). 
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Bioassay of caprine tissues for viable T. gondii 
Tissues from 26 seropositive (MAT ;:0,,1:25) goats were selected for iso-
lation of T. gondii by bioassay in mice. Tissues of each goat were pooled 
in 2 groups, i.e., brain and heart in I and masseter and diaphragm in the 
other. Each pool (total 50 g) was homogenized, digested in pepsin, and 
inoculated subcutaneously into 5 Swiss albino female mice as described 
previously (Dubey, 1998; Ragozo et al., 2008). Thus, tissues from each 
goat were bioassayed in 10 mice. The inoculated mice were observed daily 
for illness for 60 days postinoculation (PI). Imprints of the lung and brain 
of mice that died were examined microscopically for T. gondii parasites. 
Survivors were bled 6 wk PI after sedation, and serum from each mouse 
was tested for antibodies to T. gondii using the MAT (;:0,,1:25). Mice were 
killed by cervical dislocation 2 mo PI, and their brains were examined 
microscopically for tissue cysts as described in a previous publication (Dub-
ey and Beattie, 1988). Mice were considered infected when T. gondii par-
asites were found in their tissues. 
Statistical analysis 
Seroprevalence for T. gondii was statistically analyzed by the chi-
square test considering the variables age, sex, breed, and production 
system. The differences were considered statistically significant when 
P"-; 0.05. 
RESULTS 
Antibodies to T. gondii were found in 46 (32.2%) of 143 
goats: titers were 1:25 in 18, 1:50 in 14, 1:100 in 7, 1:200 in 
3, 1: 1 ,600 in 2, and 1:3,200 in 2. Seropositive goats were de-
tected in 4 of 6 counties. Statistical association was observed 
among seropositivity and age, breed, and production system (P 
< 0.001). Seroprevalence was higher in adult (66.7%, 16 of 24) 
versus young goats (25.2%, 30 of 119) and in goats from in-
tensive production system (48.4%) compared with goats raised 
in semi-intensive system (21.2%) or goats where the system 
production was unknown (17.2%). Overall, higher seropositiv-
ity was observed among purebred goats (46.2%), and among 
purebred goats, higher occurrence was observed in the Pardo 
Alpine breed. No association was found between gender and T. 
gondii antibody prevalence with 30.8% (28 of 91) of males and 
34.6% (18 of 52) of females with antibodies (Table II). Toxo-
plasma gondii was isolated from 12 goats (Table III). The iso-
lation success generally increased with antibody titer, but T. 
gondii was also isolated from 2 goats with a low titer of 1 :25. 
Isolation was higher (41.7%) from pools of brain and heart than 
pools of diaphragm and masseter (33.3%); 25% of the isolates 
were obtained in mice inoculated with both tissue groups. Ten 
of the 12 isolates killed all infected mice; the remaining 2 
caused debilitation (Table III). Toxoplasma gondii isolates were 
designated TgGtBrl-12. 
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TABLE II. Seroprevalence of Toxoplasma gondii in goats associated with 
sex, age, breed, and system of production. 
Total No. % 
Variable tested seropositive positive P 
Sex 0.64 
male 91 28 30.8 
female 52 18 34.6 
Age <0.001 
kid 119 30 25.2 
adult 24 16 66.7 
Breed <0.001 
mixed breed 64 10 15.6 
purebred 78 36 46.2 
Pardo Alpino 55 30 54.5 
Saanen 24 06 25.0 
Production system <0.001 
intensive 62 30 48.4 
semi-intensive 52 11 21.2 
unknown 29 05 17.2 
Total 143 46 32.2 
ent study, seroprevalence was higher in Pardo Alpino breed, 
but the number was too small to draw a valid conclusion. 
Toxoplasma gondii straIns differ in their virulence to mice, 
and this is dependent on several factors, including the strain of 
mice, stage of T. gondii, route of inoculation, and number of 
passages in mice. We have started to document virulence of T. 
gondii to out-bred Swiss Webster mice inoculated subcutane-
ously with tissues of naturally infected animals because such 
data were not available before. We have found that strains of 
T. gondii from chickens, cats, dogs, and sheep from Brazil 
(Dubey et al., 2002; Pena et aI., 2006; Dubey et al., 2007; 
Ragozo et al., 2008) are more virulent than strains from the 
United States and Europe. In the present study, mouse virulent 
T. gondii strains were observed in tissues of goats for the first 
time, and this has implications for human infections, i.e., the 
ingestion of undercooked goat meat can be source of human 
infection in Brazil. 
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ASSESSMENT OF DIGENEAN PARASITISM IN NASSAR/US RET/CULATUS (L.) ALONG 
THE PORTUGUESE COAST: EVALUATION OF POSSIBLE IMPACTS ON REPRODUCTION 
AND IMPOSEX EXPRESSION 
Milene Rato, Fernanda Russel-Pinto*, and Carlos Barroso 
CESAM & Departamento de Biologia, Universidade de Aveiro, 3810-193 Aveiro, Portugal. e-mail: mileneg@bio.ua.pt 
ABSTRACT: A survey was performed between June and September 2006 along the Portuguese coast to assess the prevalence of 
digenean parasitism in the netted whelk Nassarius reticulatus, a bioindicator of tributyltin (TBT) pollution. It was also intended 
to evaluate the· effect of parasites on the reproduction of this gastropod species and their interference on the development of 
imposex (the superimposition of male characters onto prosobranch females) and male penis, based on field data. Five digenean 
species (Lepocreadium album, Gynaecotyla longiintestinata, Himasthla quissetensis, Diphtherostomum brusinae, and Cardioceph-
alus longicollis), plus 1 unidentified species, were found to infect N. reticulatus. Parasitism was spread along the Portuguese 
coast, but the higher values of prevalence' were found in sheltered inshore areas where up to 67.4% of the animals were affected 
per sampling station. Parasitism has a castrating impact on the whelks and a reducing effect on male penis size, which causes 
serious disorders in the reproduction of N. reticulatus and may have an important impact in its population dynamics, However, 
no relationship between imposex severity and parasite infestation was found. 
Disruption of the endocrine system became, in the last de-
cade, a subject for a wide variety of studies in the aquatic en-
vironment, both in vertebrate and invertebrate animals. Major 
causative agents of endocrine disruption are thought to be en-
docrine disruptor chemicals, both natural and man-made, In in-
vertebrates, the clearest example of chemically induced endo-
crine disruption is the masculinization of female prosobranch 
gastropod~ when exposed to TBT (Gibbs and Bryan, 1996), a 
biocidal compound mainly used in antifouling paints, Smith 
(1971) coined this phenomenon as "imposex" to describe "the 
superimposition of male characters onto unparasitized and par-
asitized prosobranch females." Imposex has been used as a bio-
marker of TBT pollution over the last 3 decades in many studies 
throughout the world, h 
Endocrine disruption is not always caused by environmental 
pollutants; it can occur as a consequence of other conditions or 
factors including suboptimal temperature, restricted food sup-
ply, low pH, and parasites (Jobling and Tyler, 2003). Trematode 
parasites are ubiquitous organisms present in both marine and 
freshwater ecosystems. The adult trematode parasite is gener-
ally resident in a vertebrate-definitive host and sheds eggs into 
the aquatic environment. From the egg, a free-living larval 
stage (miracidium) emerges and infects a mollusc, Within the 
new first intermediate host, the parasite begins a series of asex-
ual cycles, the complexity of which depends on species, which 
ultimately produce cercariae, another larval stage that emerge 
from the mollusc into the water. These free-swimming larvae 
may infect another vertebrate or invertebrate, the second inter-
mediate host, before transmission to the definitive host (Esch 
et al" 2001; Mouritsen and Poulin, 2002), In the mollusc, the 
trematode parasite must adapt to the host's internal environment 
to obtain energy for its own metabolism; it must also avoid 
attack by the host's immune system, To meet their requirements, 
parasites may interfere with the neuroendocrine regulation and 
the internal defense system of the host, resulting in a modula-
tion of the host's immune capability and affecting its physiol-
Received 6 June 2008; revised 29 July 2008; accepted 14 August 
2008. 
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ogy (de Jong-Brink et aI., 2001), which may damage the host 
to varying degrees. Damage to the host ranges from minor met-
abolic changes to severe modifications, such as allocation of 
secondary metabolites, behavioral changes, abnormal shell for-
mation, and tissue destruction (Jensen et al., 2006; Morley et 
aI., 2006; Van den Broeck et aI., 2007), Moreover, digeneans 
frequently infect the gonadal tissues of the molluscan host 
(Mouritsen and Bay, 2000), causing castration (Oliva et al., 
1999; Probst and Kube, 1999; Tetreault et al., 2000; Curtis, 
2002), or may alter the development of sexual characters 
(Evans et al., 2000; Tetreault et aI., 2000), or both. It is thus 
obvious that digeneans can have a major impact on the endo-
crine system of their molluscan hosts and, hypothetically, could 
promote or restrain the imposex development in prosobranch 
gastropods. However, their involvement in this phenomenon is 
not clear. 
Several studies have approached this question. Evans et al. 
(2000) investigated the potential of endocrine disruptors other 
than TBT that cause imposex in the dogwhelk Nucella lapillus 
(L.). They compared the occurrence of imposex and infestations 
of the trematode parasite Parorchis acanthus in N. lapillus col-
lected on the Isle of Cumbrae, Scotland. The investigators 
found that although parasites can affect the gonodal develop-
ment in gastropods, there was no relation between the severity 
of imposex and the levels of parasitic infestation. Another study 
in the same mollusc-trematode system (Morley et al., 2003) 
compared the intensity of imposex and the parasite prevalence 
in Northern Ireland and concluded that imposex severity was 
not affected by the prevalence of parasites. In a survey to de-
termine the frequency, intensity, and spatial distribution of im-
posex in Ilyanassa obsoleta from Cape Henlopen, Delaware, 
Curtis (1994) found only a weak negative correlation between 
the percentage of parasitized whelks and the percentage of im-
posex across sites, with only 2 of the 4 trematode species stud-
ied. 
The netted whelk N. reticulatus is a gastropod recommended 
as a bioindicator of TBT pollution (Joint Assessment and Mon-
itoring Program guidelines; http://www.ospar.org) and has been 
used in several TBT monitoring programs along the Portuguese 
coast (Barroso et aI., 2000, 2002; Santos et aI., 2004; Barroso 
et al., 2005; Sousa et aI., 2005; Rato et aI., 2006). This gastro-
pod was also reported as the first and second intermediate host 
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of several digenetic trematode parasites in Portugal (Russell-
Pinto et a!., 2006). Despite the extensive imposex studies with 
this species in the area, no work has approached the potential 
relation between trematode parasitism and imposex develop-
ment in N. reticulatus. 
The aims of the present study were to: (1) assess the preva-
lence of parasitism in N. reticulatus (percentage of parasitized 
whelks in the population) along the Portuguese coast; (2) iden-
tify the trematode species that infect the whelk in this geograph-
ical area; (3) evaluate the effect of parasites in gastropod go-
nads and digestive gland; and (4) determine whether parasitism 
interferes with the expression of imposex in the females and 
development of the penis in the males. 
MATERIAL AND METHODS 
Sampling and pretreatment 
Nassarius reticulatus sampling was performed in 172 offshore and 
48 inshore stations along the Portuguese coast (Fig. 1) between June 
and September 2006. At each sampling station, the geographic coordi-
nates were determined with a mobile global positioning system (Table 
I). The study area covers all of the mainland coast of Portugal, including 
estuaries and the coastal line (for simplicity, designated here as "in-
shore"), as well as the adjacent continental shelf off Aveiro, Lisbon, 
and Setubal (designated here as "offshore"). A number of studies have 
shown that the main TBT pollution sources in the Portuguese coast are 
the harbors (which comprise commercial and fishing ports, dockyards, 
and marinas) (see Barroso et aI., 2002; Sousa et al., 2005), where a 
high number of ships and boats are anchored and intense TBT leaching 
occurs from antifouling hull coatings (De Mora et al., 1995; Stuer-
Lauridsen and Dahl, 1995; Page et aI., 1996). For this reason, the pre-
sent survey included sampling stations close to these hotspots and many 
others increasingly distant from these places to obtain gradients of im-
posex in the area. 
Specimens from insh,pre stations were collected by hand at intertidal 
sites or with baited hoop nets at sublitoral sites. Those from offshore 
stations were obtained by means of a 5-min tow using dredges on both 
sides of the boat. Nassarius reticulatus specimens were maintained alive 
in aquaria and examined for imposex within 3 days of c01lection. Adult 
animals (recognized by the presence of white columellar callus and 
teeth on lip of the shell) were selected and narcotized using 7% MgC12 
in distilled water. Before the shells were cracked open with a bench 
vice, their height (distance from shell apex to lip of siphonal canal) was 
measured with a vernier caliper to the nearest 0.1 mm. Then, individuals 
were sexed and dissected, using a stereomicroscope, for the classifica-
tion of imposex parameters and inspection of possible trematode para-
site infections. 
Imposex analysis 
Three indices were determined at each sampling station to describe 
the intensity of imposex: (I) the percentage of females affected by im-
posex (%1); (2) the vas deferens sequence index (VDSI); (3) and the 
female penis length index (FPLI). The VDSI was classified according 
to the scoring system proposed by Stroben et al. (1992), but the com-
putation of the VDSI was based on the methodology proposed by Bar-
roso et al. (2002), i.e., stages 4 and 4+ were computed with the nu-
merical values of 4 and 5, respectively, for better discrimination of 
imposex levels between different sites. The male and female penis 
lengths were measured using a stereomicroscope, with an ocular micro-
meter. The FPLI was calculated as the average value of the penis length 
of females per sampling station. Unlike other imposex studies in which 
animals presenting parasites are frequently discarded, parasitized ani-
mals in this work were examined for determination of the above-de-
scribed imposex indices. 
Trematode identification 
Animals were carefully observed using a stereomicroscope to detect 
the possible presence of trematode parasites. In parasitized animals, a 
piece of infected tissue was taken from the digestive gland/gonad; 
squash slides were prepared (a drop of sea water was set on the slide 
and the piece of tissue was placed on the drop; tissue was gently pressed 
when placing the coverslip) and then examined using light microscopy. 
The trematode identification was performed according to the morpho-
logical features described for trematode parasites in N. reticulatus (Rus-
sell-Pinto et al., 2006). 
Histological analysis 
Parasitized animals were fixed in Bouin's solution for 24-48 hr and 
then preserved in 70% ethanol. Later, the tissues were dehydrated by 
immersing specimens in successive alcohols with increasing concentra-
tions, followed by immersion in a mixture of 100% ethanol plus ben-
zene, and finally in pure benzene. After dehydration, the specimens 
were embedded in paraffin and serially cut in sections of 7-10 !-Lm. 
Each 3-4 longitudinal section was placed on a slide and then deparaf-
finized with xylene. Tissues were rehydrated with successive decreasing 
alcohol concentrations, stained with hematoxylin and eosin, once again 
dehydrated, and cleared with xylene. Slides were mounted with a drop 
of mounting medium for microscope preparations and examined by light 
microscopy. 
Data analysis 
Several statistical analyses were applied to data using the SigmaS tat 
(Systat Software, Inc., San Jose, California). The proportion of parasit-
ized and unparasitized males and females was analyzed with Fisher's 
exact test. Nonparametric Spearman's rank coefficient was used for the 
correlation analysis. The differences between 2 unpaired groups were 
assessed using Mann-Whitney V-tests. Simultaneous testing and mod-
eling of multiple independent variables were evaluated by ordinary least 
squares (OLS) linear regression, after verification that normal distribu-
tion and constant variance of the errors were not violated. Analysis of 
variance (ANOVA) between groups was performed, and if the ANOVA 
assumptions (normality and homogeneity of variances) were not met, 
nonparametric tests were run and are indicated in the text. 
RESULTS 
Taxonomic identification of trematodes and prevalence of 
parasitism 
Nassarius reticulatus was found in almost all inshore stations 
sampled, i.e., 45 of a total of 48 sites visited, but in only 97 of 
the 172 offshore stations. Parasitized specimens occurred in 
about half (51.1 %) of the inshore stations, but only in 8.2% of 
the offshore stations. The prevalence of parasitized animals per 
sampling station varied between 0-14.3% and 0-67.4% in off-
shore and inshore areas, respectively, equally affecting both 
sexes (Fisher's exact test, P = 1.000). The stations where par-
asites were found are described in Table I. In this study, only 
single infections were observed, i.e., only 1 parasite species was 
found inside a whelk, based on the cercariae identification on 
squash slides. Parasite identification and respective prevalences 
are presented in Table II. A total of 6 species were detected in 
N. reticulatus. All of these species were described by Russell-
Pinto et aI. (2006) for this gastropod in the Ria A veiro (Por-
tugal), including a zoogonid 'cercaria of an unidentified species 
(this larval stage could not yet be associated with any species 
described in the literature). The cercariae of L. album (Lepo-
creadiidae; Nicoll, 1934), was the most abundant trematode, 
accounting for 58.8% of the observations, followed by the zoo-
gonid cercariae (15.3%), cercariae of G. longiintestinata (Mi-
crophallidae; Leonov, 1958) (10.7%), H. quissetensis (Echinos-
tomatidae; Looss, 1902) (7.6%), D. brusinae (Zoogonidae; 
Odher, 1911) (4.6%), and the least abundant, C. longicollis 
(Strigeidae; Raillet, 1979) (3.0%). 
N 
W E 
s 
4 
/ .. 
7 
lKm 
, 
089 42' 00" W 
• • •• 
• ••• 
• •• • • 
• •• • 
• • •• 
• 
• •• • • 
•••• 
• ••• • 
. ...,..... . 
./ .... 
2Km 13 •••• 12 
t------l 
089 50' 00" W 
ent it 
ite 
RATO ET AL.- DIGENEAN PARASITISM AND IMPOSEX IN N. RETICULATUS 329 
1 - 2 _ 
3 _ 
1 KIn 
•• 
• 
089 50' 00" W 
~~~ 
, 
, 
, 
, 
, 
, 
, 
~ , 
... , 
.. , 
~ " 
~ " ~ ", 
z " 
~~~ 
, 
, 
, 
I 
I 
, 
, 
I 
I 
I 
I 
I 
, 
, 
, 
I 
I 
I 
I 
I 
I 
I 
I 
, 
I 
I 
, 
, 
, 
, 
, 
50Km 
Portugal 
. ample. with 
obtain d and 
330 THE JOURNAL OF PARASITOLOGY, VOL. 95, NO.2, APRIL 2009 
TABLE I. Nassarius reticulatus. Data relative to stations where parasitized animals were found. C, close; CL, coastal line; F, far; FPLI, female 
penis length index; %1, imposex incidence; IE, inside estuary; M, muddy; N, near; N <j>, number of females; N &, number of males; 0, offshore; 
% <j>, percentage of parasitized females; % &, percentage of parasitized males; %P, total prevalence of parasitized animals in the sample; S, sandy; 
VDSI, vas deferens sequence index. 
Station 
code 
Prox- Sedi- Loca-
Station name Lat (N) Long (W) imity ment tion N <j> N & %1 VDSI FPLI % <j> % & %P 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
Praia Norte 41° 41.85 
Viana Castelo - Marina 41° 41.70 
Viana Castelo - Maregrafo 41° 41.43 
Praia da Amorosa 
P6voa de Varzim 
Praia de Le~a 
Porto de Leix6es - Marina 
Aveiro - S. Jacinto 
A veiro - Terminal Quimico 
Aveiro - PCN 
A veiro - Maglhaes Mira 
A veiro - Barra 
Offshore 
Figueira Foz - Estaleiro 
Nazare - Porto de Pesca 
Peniche - ISN 
Peniche - Porto de Recreio 
Lisboa - Marina de Belem 
Lisboa - Porto Brandao 
Offshore 
Offshore 
Offshore 
Setubal - Tr6ia 
Offshore 
Offshore 
Offshore 
Offshore 
Sines - Porto de Pesca 
Lagos - Porto de Pesca 
Lagos - Barra 
Alvor - Barra 
41° 38.72 
41° 23.18 
41° 12.21 
41° 11.30· 
40° 39.48 
40° 39.46 
40° 39.06 
40° 38.65 
40° 38.71 
40° 39.00 
40° 08.60 
39° 35.04 
39° 21.20 
39° 21.15 
38° 41.50 
38° 40.77 
38° 38.00 
38° 35.00 
38° 34.00 
38° 29.40 
38° 24.00 
38° 23.00 
38° 21.00 
38° 20.00 
37° 57.28 
37° 06.30 
37° 06.08 
37° 07.22 
Histological analysis 
08° 51.13 
08° 49.20 
08° 49.71 
08° 49.31 
08° 46.40 
08° 42.82 
08° 42.24 
08° 43.56 
08° 42.74 
08° 43.76 
08° 44.06 
08° 44.82 
08° 48.37 
08° 51.55 
09° 04.39 
09° 22.70 
09° 22.52 
09° 12.50 
09° 12.29 
09° 14.55 
08° 12.38 
08° 12.13 
08° 54.14 
08° 49.91 
08° 48.79 
08° 47.93 
08° 47.30 
08° 52.21 
08° 40.33 
08° 40.15 
08° 37.14 
N 
C 
C 
N 
N 
N 
C 
C 
C 
C 
C 
C 
F 
C 
C 
C 
C 
C 
C 
F 
F 
F 
C 
F 
F 
F 
F 
C 
C 
C 
N 
Histological analyses were performed on 30 specimens. 
Some of these specimens exibited a single infection by 1 of the 
following digenean species: L. album, G. longiintestinata, H. 
quissetensis, and the unidentified zoogonid. Other specimens 
were unparasitized. The slide examinations revealed that the 
larval parasitic stages infected both the digestive gland and the 
gonad of the whelk (Fig. 2). In the digestive gland, the sporo-
cysts were found within the tubules, in some cases compressing 
the surrounding tissue, whereas affected gonads showed severe 
histological disorganization. In most cases, the gonadal tissue 
of N. reticulatus was completely replaced by the larval stages 
of the parasites. 
Influence of trematode parasitism on imposex 
Correlations between parasite prevalence and %1, VDSI, and 
FPLl: Data in Table I indicate that there is a wide variety of 
imposex intensities across the 31 sites where parasitism occurs. 
At the offshore sites where N. reticulatus was infected, %1 
ranged between 0% and 83.3%, VDSI varied between 0 and 
1.17, and FPLI ranged between 0 and 1.07. In the inshore sites 
where parasitism occurred, %1, VDSI, and FPLI varied, respec-
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IE 
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IE 
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IE 
IE 
IE 
o 
IE 
IE 
IE 
IE 
IE 
IE 
o 
o 
o 
IE 
o 
o 
o 
o 
IE 
IE 
IE 
IE 
54 
31 
47 
63 
62 
8 
40 
38 
32 
41 
40 
36 
22 
24 
10 
8 
8 
22 
33 
6 
18 
30 
26 
14 
21 
22 
4 
17 
24 
37 
31 
34 
36 
39 
12 
36 
43 
45 
22 
27 
22 
20 
23 
19 
31 
36 
26 
51 
29 
27 
10 
16 
42 
31 
7 
8 
14 
3 
57 
14 
22 
29 
90.7 1.35 
96.8 2.74 
100.0 3.26 
82.5 1.41 
46.8 0.59 
50.0 0.75 
100.0 4.15 
97.4 2.42 
100.0 3.13 
100.0 2.32 
100.0 2.85 
88.9 2.83 
40.9 0.82 
79.2 1.29 
100.0 4.10 
100.0 4.62 
100.0 4.50 
100.0 3.36 
100.0 3.67 
83.3 1.17 
83.3 0.89 
80.0 0.93 
100.0 4.15 
7.1 0.08 
14.3 0.14 
18.2 0.18 
0.0 0.00 
100.0 4.41 
100.0 3.83 
100.0 3.43 
38.7 0.39 
0.08 
1.15 
1.82 
0.12 
0.03 
0.03 
6.38 
0.99 
1.45 
3.83 
1.09 
1.12 
0.26 
0.14 
5.74 
4.15 
4.41 
4.45 
2.72 
1.07 
0.03 
0.27 
4.50 
0.00 
0.00 
0.00 
0.00 
4.62 
1.88 
2.10 
0.01 
1.8 
6.4 
10.6 
1.6 
1.6 
0.0 
2.5 
34.2 
3.1 
0.0 
10.0 
2.8 
4.6 
41.7 
50.0 
0.0 
0.0 
0.0 
3.0 
16.7 
5.6 
3.3 
0.0 
7.4 
4.8 
4.6 
25.0 
0.0 
0.0 
2.7 
3.2 
0.0 1.1 
8.1 7.4 
5.7 8.5 
0.0 1.0 
0.0 1.0 
12.5 5.3 
0.0 1.2 
31.8 33.3 
3.7 2.1 
14.3 3.4 
10.0 10.0 
0.0 1.7 
0.0 2.4 
38.7 40.0 
72.2 67.4 
42.3 32.4 
2.0 1.7 
20.1 11.8 
0.0 1.7 
0.0 6.2 
0.0 3.0 
0.0 1.4 
3.2 1.8 
0.0 5.0 
12.5 6.9 
0.0 2.8 
0.0 14.3 
5.6 4.2 
7.1 2.6 
4.6 3.4 
6.9 5.0 
tively, between 38.7% and 100%, 0.39 and 4.62, and 0.01 and 
6.38 (Table I). Furthermore, the prevalence of parasitized fe-
males across these sites shows no obvious trend with the level 
of imposex (Fig. 3), since no significant correlation was ob-
served between the prevalence of parasitized females and the 
imposex indices %1 (r = -0.07, P = 0.750), VDSI (r = -0.18, 
P = 0.592), and FPLI (r = -0.03, P = 0.890). These results 
suggest that there is no apparent relationship between parasit-
ism and imposex in N. reticulatus across these sites. However, 
when field data are used to address the question, "Does para-
sitism influence the expression of imposex?," one should bear 
in mind that mixed factors could be involved in the expression 
of imposex and that these (actors should be included in the 
analyses. An obvious factor is that the imposex intensity de-
pends on the degree of N. reticulatus TBT tissue contamination 
at each site. Moreover, when one refers to FPLI, this imposex 
index may depend on both TBT and the animal's size. 
VDS versus parasitism and TBT: In the current survey, there 
are no available data regarding TBT pollution at each site, but 
the sources of TBT pollution in the Portuguese coast are very 
specific and localized (ports, dockyards, and marinas), and pol-
lution decreases with the distance from these sources (Barroso 
et al., 2002; Sousa et al., 2005; Rato et al., 2006, 2008). Thus, 
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TABLE II. Nassarius reticulatus. Data relative to parasite species found 
with indication of percentage of parasitized females (% 'i? relative to 
total number of females in the sample) and percentage of parasitized 
males (%d relative to total number of males in the sample) for the 6 
digenean, L. album, G. longiintestinata, D. brusinae, C. longicollis, H. 
quissetensis, and unidentified species (Zoogonidae cercariae). In off-
shore stations no squash slides were performed from the parasitized 
whelks and consequently the occurring trematodes were not observed 
for identification (NOI) of species. 
Station code 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
Trematode 
Zoogonid cercariae 
L. album 
Zoogonid cercariae 
L. album 
Zoogonid cercariae 
Zoogonid cercariae 
Zoogonid cercariae 
Zoogonid cercariae 
D. brusinae 
L. album 
G. longiintestinata 
D. brusinae 
C. longicollis 
Zoogonid cercariae 
D. brusinae 
Zoogonid cercariae 
Zoogonid cercariae 
D. brusinae 
C. longicollis 
H. quissetensis 
Zoogonid cercariae 
C. longicollis 
NO! 
L. album-
Zoogonid cercariae 
L. album 
Zoogonid cercariae 
L. album 
H. quissetensis 
L. album 
L. album 
D. brusinae 
Zoogonid cercariae 
NO! 
NO! 
NO! 
L. album 
NO! 
NO! 
NO! 
NO! 
G. longiintestinata 
L. album 
L. album 
L. album 
C. longicollis 
%'i? %d 
1.85 
3.23 8.57 
3.23 
6.38 
4.26 5.13 
1.59 
1.61 
2.33 
2.50 
2.63 8.70 
26.32 4.35 
2.63 4.35 
2.63 
13.64 
3.70 
3.13 
4.55 
2.50 
2.50 
2.50 
2.50 10.00 
4.35 
4.55 
33.33 35.48 
8.33 3.23 
50.00 72.22 
8.33 3.23 
7.69 
34.62 
1.96 
9.26 
1.85 
3.03 
16.67 
5.56 
3.33 
3.23 
7.14 
4.76 12.50 
4.55 
25.00 
5.26 
7.14 
2.70 4.55 
3.23 3.45 
3.45 
using the distance from the source as a proxy to estimate the 
level of TBT pollution at each site, a 2-factorial ANOVA Holm-
Sidak test was performed to analyze the variation of VDS with 
the proximity of TBT sources. Three categories were identified: 
close (~0.8 kIn), near (0.8-5.5 kIn), and far (2:5.5 kIn) from 
TBT sources, and with the presence/absence (2 categories) of 
parasitism. Only the 23 sampling stations where parasitized fe-
males occurred were considered for this analysis, and each fe-
male corresponded to an observation (n = 756). The results 
showed that there was a significant effect of the proximity of 
TBT sources on the VDS level of each female (F = 82.76, P 
< 0.001), but there was no significant effect of parasitism on 
the VDS (F = 1.05, P = 0.305). A further step in the analysis 
consisted of examining the sampling sites separately and com-
paring imposex between parasitized and unparasitized females 
within each site. In this way, it is possible to eliminate the 
spatial variability of TBT pollution and other possible local fac-
tors that may influence imposex. The difference between VDS 
values of parasitized and unparasitized females was assessed in 
stations where each of these 2 groups was represented by 2:4 
females (stations 3, 8, 11, 14, and 15); otherwise, the tests could 
fail due to lack of observations. However, with use of the non-
parametric Mann-Whitney U-test, no significant differences 
were found between the 2 groups at any of these stations: at 
station 3, U = 102.00, P = 0.928, number of unparasitized 
females (Nunpar) = 42, number of parasitized females (Npar) = 
5; at station 8, U = 113.50, P = 0.450, Nunpar = 25, Npar = 13; 
at station 11, U = 88.00, P = 0.427, Nunpar = 36, Npar = 4; at 
station 14, U = 73.50, P = 0.846, Nunpar = 14, Npar = 10; and 
at station 15, U = 21.00, P = 0.095, Nunpar = 5, Npar = 5. 
FPL versus parasitism, TBT, and shell height: To examine 
potential factors influencing penis development in females, OLS 
multiple linear regression analysis was carried out comparing 
the penis length of each female (dependent variable) and the 
respective shell height, the proximity of the site where the fe-
male was collected with the TBT sources (3 categories as 
above), and whether the female was parasitized or unparasit-
ized. After evaluating the variable significances and the adjust-
ed R2, the only covariate that was shown to have a significant 
effect with respect to the FPL was the proximity to TBT sources 
(OLS general fit, R2 = 0.21, F = 76.98, P < 0.001; shell height, 
13 = -0.05, t = -1.67, P = 0.096; proximity to source, 13 = 
-0.45, t = -14.19, P < 0.001; and parasitism, 13 = -0.01, t 
= -0.38, P = 0.707). The influence of parasitism on the female 
penis length was also analyzed per station. The data from the 
above 5 stations used in the VDS analysis were tested to assess 
the difference between the penis length of parasitized and un-
parasitized females; again, no significant differences were 
found (at station 3, U = 74.50, P = 0.300; at station 8, U = 
113.50, P = 0.450; at station 11, U = 96.50, P = 0.276; at 
station 14, U = 71.00, P = 0.073; and at station 15, U = 21.50, 
P = 0.095). 
Influence of trematode parasitism on male penis length 
The impact of parasites on, male penis development was also 
evaluated, and the results showed that in almost all stations, 
parasitized males had a smaller penis (Fig. 4). An OLS linear 
regression analysis was carried out between the penis length of 
each male (dependent variable), the respective shell height, and 
whether the male was parasitized or unparasitized. Only stations 
where parasitized males were identified were considered for this 
analysis, with each male corresponding to an observation (n = 
543). Both covariates proved to have a significant effect on the 
male penis length (Table III). Nevertheless, only around 15% 
of the variance was explained by this regression; this is ex-
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TABLE Ill. OLS regression parameters for analysis of the relationship between male penis length versus shell height and parasitism, indicating 
the statistical parameters for the general fit: the number of unparasitized males (N"np.,), the number of parasitized males (NpM), the coefficient of 
determination (R2), the F-test value (F) and the respective significance (P), and statistical beta parameters for both shell height and parasites: the 
beta coefficients (Beta), the t-test values (t) and the significance (P). "All stations" refers to 18 sampling stations where parasitized males were 
observed. 
General fit 
Station code Nunpar Npar R2 F P 
All stations 461 82 0.15 41.69 <0.001 
8 15 7 0.40 4.46 <0.001 
14 19 12 0.50 13.85 <0.001 
15 10 26 0.22 4.75 <0.05 
16 15 11 0.14 1.81 0.186 
18 23 6 0.43 9.77 <0.001 
pected, since it is known that penis length is influence by local 
parameters. In fact, male penis length depends on the sexual 
maturation stage (Barroso and Moreira, 1998), which may 
change from site to site and was not assessed in this work. 
Moreover, male penis length may eventually also depend on an 
animal's condition and other environmental factors. To avoid 
variation related to local parameters, an analysis was performed 
considering each station individually (Fig. 4). Hence, for sta-
tions where the number of observations for parasitized and un-
parasitized males was sufficient (2:4) (stations 8, 14, 15, 16, 
and 18), OLS linear regression analyses were performed. The 
regression parameters for these stations are given in Table III 
and show that, in some cases, 1 or both covariates had a sig-
nificant effect on penis length. Globally, this statistical analysis 
and inspection of Figure 4 show that the penis tends to be 
longer with increasing shell heights and smaller in parasitized 
animals. 
DISCUSSION 
Nassarius reticulatus is a ubiquitous gastropod of European 
coasts that has been used by several authors (Stroben et aI., 
1992; Bryan et al., 1993; Barreiro et aI., 2001; Santos et aI., 
2004; Barroso et aI., 2005; Ruiz et aI., 2005; Sousa et al., 2005; 
Rato et aI., 2006) in studies of imposex assessment, an induced 
endocrine disruption phenomenon caused by organotin com-
pounds of antifouling paints (mainly TBT). In the current work, 
N. reticulatus was found to be an intermediate host for 6 species 
of digenean trematode parasites, i.e., C. longicollis, Cercaria 
sevillana (the cercariae of Gynaetotyla longiintestinata), D. 
brusinae, H. quissetensis, L. album, and an unknown zoogonid 
cercariae. These species were previously described by Russell-
Pinto et al. (2006) for N. reticulatus in the Ria de A veiro (Por-
tugal). 
In the present study, the parasite prevalence varied between 
0% and 67.4%, and parasites were found to infect specimens 
from different habitat types (offshore/inshore, inside estuaries/ 
outside estuaries), showing that parasitism has a wide spatial 
distribution along the Portuguese coast. The highest levels of 
parasitism (>32% of parasite prevalence) were found in shel-
tered inshore stations located in enclosed bodies of water (sta-
tions 8, 14, 15, and 16). These higher values may be explained 
mainly by the expected higher occurrence of the definitive hosts 
in those areas, an essential factor for trematode parasites to 
Shell height beta coefficient Parasites beta coefficient 
Beta P Beta P 
0.25 5.96 <0.001 -0.34 -7.89 <0.001 
0.52 2.67 <0.05 -0.64 -3.29 <0.001 
0.54 3.93 <0.001 -0.35 -2.52 <0.05 
0.37 2.38 <0.05 -0.26 -1.66 0.107 
0.36 1.83 0.080 0.11 0.56 0.578 
0.13 0.85 0.406 -0.63 -4.22 <0.001 
complete their life cycles. In the case of the 5 known digenean 
species, the definitive hosts are seabirds for C. longicollis (Pre-
vot and Bartoli, 1980), G. longiintestinata, and H. quissetensis 
(Stunkard, 1938), and fish for D. brusinae (Williams and Jones, 
1994) and L. album (Bray et aI., 1993). Sheltered areas enclose 
breeding colonies and roosting grounds and also offer food 
sources (either natural or organic wastes derived from human 
activities), allowing the congregation of a high number of ver-
tebrates (birds and fish) and invertebrates (molluscs and crus-
taceans) that act, respectively, as definitive and intermediate 
hosts. Sexual reproduction of trematode parasites takes place 
inside the gastrointestinal tract of the definitive host, and trem-
atode eggs are passed out into the external environment with 
the feces of the host. Gastropods subsequently become infected 
when they are penetrated by miracidia hatched from trematode 
eggs (Fredensborg et aI., 2006). The proximity of the definitive 
host increases the probability of the gastropod to become in-
fected by trematode parasites (Poulin and Mouritsen, 2003). 
Butnes and Galaktionov (1999) refer to a higher prevalence of 
trematodes in Littorina saxatallis within sheltered areas where 
seagulls are more abundant. Another study, performed by Fre-
densborg et al. (2006), clearly demonstrates a positive relation-
ship between seabird abundance and trematode prevalence in 
the intertidal snail Zeacumantus subcarinatus. 
The impact of trematodes on their molluscan intermediate 
host has been described in several studies (Jensen et aI., 2006; 
Morley et aI., 2006; Van den Broeck et aI., 2007). In most of 
the whelk-trematode systems, the growth and reproduction of 
trematodes occur in the digestive gland/gonad complex of the 
gastropod (Probst and Kube, 1999). A possible consequence of 
parasitic infections is castration, which is the partial or total 
inhibition of gamete production in the host species due to the 
activity or physical presence of the parasite (Tetreault et aI., 
2000). The mechanisms by which parasites castrate gastropods 
include interference with hormonal production and physical de-
struction of the reproductive tissues of the host (Fredensborg et 
aI., 2005). 
In this work, the tissue alterations caused by 4 trematode 
species were examined through histological studies. The larval 
stages were found in both the digestive gland and gonads of N. 
reticulatus. In the affected gonads, the reproductive tissue had 
been replaced by the parasite'S asexual stages, indicating that 
these trematode species have a castration effect upon N. reti-
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culatus. Consequently, alterations in the gastropod endocrine 
physiology are expected to occur and could hypothetically in-
fluence the imposex expression. Few studies have approached 
the relationship between trematode infection and imposex, and 
none has addressed the species N. reticulatus. In the present 
study, both parasitized and unparasitized females were found to 
have a wide range of imposex levels, and no relationship was 
found between the prevalence of trematode parasites and any 
of the imposex indices, i.e., %1, VDSI, or FPLI, across sites. 
The differences in VDS values were tested in relation to the 
proximity to TBT sources and parasitism status. As expected, 
since imposex intensity depends on TBT contamination at each 
site, VDS values were found to differ in rylation to proximity 
to TBT sources, but no significant differences were observed 
as related to parasitism. However, to avoid the spatial variability 
of TBT pollution and other possible local influencing factors, 
individual station analysis was performed. No significant dif-
ference was found between the values of VDS from parasitized 
and unparasitized females within each station, which supports 
the previous findings. 
The same conclusion was reached for female penis devel-
opment, i.e., it depends on the proximity of TBT sources. How-
ever, we could not prove that it is influenced by parasitism. 
When analyzed per station, no significant differences were 
found in penis length values between parasitized and unpara-
sitized females. An apparent lack of relation between imposex 
severity and parasitism infestation was also reported by Evans 
et al. (2000) and Morley et al. (2003) in studies where the N. 
lapillus-Po acanthus system was investigated. Similarly, Curtis 
and Barse (1990) reported that the occurrence of parasitism and 
imposex in I. obsolet{1 appear to be independent of one another. 
The relative penis length index, which is defined as mean 
female penis length X 100/mean male penis length, is another 
imposex parameter that is frequently used in TBT pollution 
monitoring studies when N. reticulatus is used as a bioindicator. 
As shown by the definition, this index relies not only on the 
female penis length, but also on the male penis length; there-
fore, the index may be influenced by any changes in the male 
penis size. The results of the present study reveal that the male 
penis length is reduced by the presence of trematode parasites. 
Evans et aI. (2000), in a study on the relationship between the 
occurrence of imposex and infestations of parasitic trematode 
larvae, refer to investigations by Koie (1969, 1975), who re-
ported that, in addition to castration, trematode infections cause 
degeneration of the male penis in Buccinum undatum and Nas-
sarius pygmaeus. This reducing effect on penis size of gastro-
pod males was also reported by Tetreault et al. (2000) and Mor-
ley (2006). Contrary to mature infections, which are easily 
identified, immature infections are more difficult to detect. 
However, even early stages of parasitism can influence the de-
velopment of the host's reproductive system (De Jong-Brink et 
aI., 2001). We, therefore, cannot reject the possibility that we 
missed parasitized animals at these stages of infection. Never-
theless, this is a contigency, especially in TBT pollution mon-
itoring surveys, that needs to be performed in short periods of 
time. At least the identified parasitized animals should be sep-
arated from imposex monitoring studies to minimize the influ-
ence of factors other than TBT on the values of the imposex 
indices based on male penis length. 
One relevant ecological aspect of the current study refers to 
the impact of trematode parasitism on the gastropod population 
dynamics. These parasites have a major influence on the repro-
duction of the host species since they cause castration in both 
sexes and reduce the penis length in males, thereby impairing 
the chances of breeding. This is particularly important at sites 
with high prevalence of parasitism like, for example, stations 
8, 14, 15, and 16, where the prevalence averaged >32%, and 
attained a maximum value of 67% at station 15 (Porto de Na-
zare). 
In conclusion, despite the serious disorders caused by trem-
atode parasites on the reproductive system of N. reticulatus, 
which may have an important impact on the host population 
dynamics, it seems that parasitism has no influence on the ex-
pression of imposex in this gastropod. Nevertheless, since these 
results are based on field data, further studies should be carried 
out under controlled conditions in the laboratory. 
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AGGLUTINATION OF TRYPANOSOMA CRUZ/IN INFECTED CELLS TREATED WITH 
SERUM FROM CHRONICALLY INFECTED MICE 
Jennifer L. Wendelken and Edwin C. Rowland* 
Tropical Disease Institute, Ohio University College of Osteopathic Medicine, Athens, Ohio 45701. e-mail: rowland@ohiou.edu 
ABSTRACT: The protozoan parasite Trypanosoma cruzi is the causative agent of Chagas disease. The chronic stage of infection 
is characterized by a production of neutralizing antibodies in the vertebrate host, A polyclonal antibody, anti-egressin, has been 
found to inhibit egress of parasites from the host cell late in the intracellular cycle, after the parasites have transformed from the 
replicative amastigote into the trypomastigote, It has also been found that BALB/c mouse fibroblasts in the late stages of parasite 
infection become permeable to molecules as large as antibodies, leading to the possibility that anti-egressin affects the intracellular 
parasites, This project addresses the fate of the intracellular trypomastigotes that have been inhibited from egressing the host 
cell. Extended cultures of infected fibroblasts treated with chronic mouse serum reduced parasite egress at all time points 
measured. Parasites released from infected fibroblasts treated with chronic serum had a reduced ability to infect fibroblasts in 
culture, yet did not lose infectivity entir~ly. Absorption of chronic serum with living trypomastigotes removed the anti-egressin 
effect. The possibility that the target of anti-egressin is a parasite surface component is further indicated by the agglutination of 
extracellular trypomastigotes by chronic serum. The possibility that cross-linking by antibody occurs intracellularly, thus inhibiting 
egress, was reinforced by cleaving purified IgG into Fab fragments, which did not inhibit egress when added to infected cultures. 
From this work, it is proposed that the current, best explanation of the mechanism of egress inhibition by anti-egressin is 
intracellular agglutination, preventing normal parasite-driven egress. 
Trypanosoma cruzi, a protozoan hemoflagellate, infects an 
estimated 13 million people in Central and South America. The 
annual incidence of Chagas disease is about 200,000 cases 
throughout the Americas (WHO, 2005). Forty million people in 
the Americas are considered to be at risk of acquiring Chagas 
disease (PAHO, 2005). Ten to 30% of patients, however, even-
tually develop chronic Chagas disease, which most commonly 
affects the heart and, less commonly, the digestive tract. It is 
estimated that 14,000 people die each year from chronic Chagas 
disease (WHO, 2005). 
Trypanosoma cruzi has 3 life cycle stages, i.e., epimastigote, 
trypomastigote, and amastigote. Epimastigotes are the replica-
tive form in the insect midgut. They transform into trypomas-
tigotes in the midgut, which are released during defecation, and 
are the mammalian infective form (De Souza, 20(2). Trypan-
posoma cruzi trypomastigotes invade mammalian non-phago-
cytic host cells in an actin polymerization-independent manner 
that involves the recruitment of host-cell lysosomes to the cell 
surface (Andrade and Andrews, 2005). These lysosomes fuse 
with the plasma membrane, producing a parasitophorous vac-
uole that surrounds the parasite inside the host cell. The para-
sitophorous vacuole is breached after 1-2 hr of infection (Bur-
leigh and Andrews, 1995). A membrane pore-forming protein, 
TC-TOX, has been implicated in the process of exiting the para-
sitophorous vacuole (Andrews et aI., 1990). During the next 20 
hr, the parasite transforms into the amastigote, which divides 
by binary fission approximately every 12 hr after transforma-
tion. After replication is complete, the parasites transform into 
motile trypomastigotes which escape the dying host cell (Bur-
leigh and Andrews, 1995). Trypomastigotes are capable of in-
vading additional cells or can be picked up by the insect vector 
in a blood meal to begin the cycle again (De Souza, 2002). 
Trypanosoma cruzi egress is not well understood. It has been 
suggested that egress occurs due to intense motility of the par-
asite at the end of the intracellular cycle (De Souza, 2002; An-
drade and Andrews, 2005). Cruzipain, however, has also been 
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shown in inhibition studies to be necessary for egress, so the 
mechanism of leaving the cell could be at least partly proteo-
lytic (Costales and Rowland, 2007). 
Examining the egress mechanisms of similar parasites could 
help clarify the same process in T. cruzi, Leishmania spp. have 
recently been found to possess a membrane pore-forming pro-
tein known as cytolysin, which binds to the cell membrane and 
possibly polymerizes into the membrane, forming pores of 
varying diameters leading to host-cell lysis and egress of the 
parasite (Noronha et aI., 2000). The egress mechanism of Plas-
modium spp. has been more extensively studied than T. cruzi 
or Leishmania spp. and appears to be proteolytic in nature (Aly 
and Matuschewski, 2005). Similarly, egress from the erythro-
cyte parasitophorous vacuole (Salmon et aI., 2001) and the 
erythrocyte plasma membrane (Gelhaus et aI., 2005) has been 
shown to result from a protease activity, with different proteases 
being involved at each point of this 2-stage process (Wickham 
et aI., 2003). Further studies have shown that a Plasmodium 
spp. gene product, the serine protease PfSUB1, is involved in 
the final stages of schizont maturation and activation of other 
proteolytic enzymes responsible for merozoite egress (Yeoh et 
aI., 2007). Using ionophores to stimulate Toxoplasma spp. 
egress from host cells, a resulting sequence of increased mem-
brane permeability, allowing an efflux of potassium followed 
by an influx of calcium, which activates parasite motility, was 
suggested to result in membrane rupture and parasite egress 
(Black et aI., 2000; Fruth and Arrizabalaga, 2007). Other work 
with T. gondii has indicated that inhibition of parasite motility 
results in inhibition of egress (Moudy et aI., 2001), although 
egress has also been shown to be non-dependent on parasite 
motility (Lavine and Arrizabalaga, 2008). 
CD4+ T-cells and B-lymphocytes, along with a soluble serum 
factor, were found in our lab to inhibit T. cruzi egress from 
infected cells in vitro (Rowland and Chen, 2003). Subsequent 
study revealed that chronic serum also inhibits parasite egress. 
This inhibition was likely due to IgG antibody, possibly of the 
subclass IgG2a. The antibody was named "anti-egressin" 
(Moore-Lai and Rowland, 2004a). Chronic serum could be add-
ed to infected fibroblasts as late as day 4, inhibiting egress at 
day 5. The chronic serum does not inhibit maturation of the 
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parasites inside infected cells, as indicated by posItive anti-
neuraminidase staining. The parasites that do not egress due to 
chronic serum treatment are developmentally marure trypomas-
tigotes (Moore-Lai and Rowland, 2004b). 
Recently, it was found that infected cells in the late stages 
of the intracellular cycle become permeable to Trypan blue, 
while uninfected fibroblasts remain impermeable. Thus, per-
meability to small molecules is increased due to late-stage in-
fection with T. cruzi. Also, infected cells can be immunofluo-
rescently stained with anti-tubulin antibodies during the late 
stages of infection, while uninfected cells remain unstained. 
This suggests that the infected cells become permeable to mol-
ecules as large as antibodies in the late stages of T. cruzi in-
fection, which raises the possibility that anti-egressin could act 
intracellularly to inhibit parasite egress (Costales and Rowland, 
2007). 
Given that anti-egressin inhibits late in the 5-day intracellular 
cycle of T. cruzi, and that the parasites that are unable to egress 
are developmentally mature trypomastigotes (Moore-Lai and 
Rowland, 2004b), it is necessary to learn more about parasites 
that do not egress. Because they are developmentally mature, 
it is possible that the parasites are still infective. The present 
study addresses the possibility that, because anti-egressin enters 
the host cell due to increased permeability in the late stages of 
infection, the antibodies may act on the parasite and cause them 
to agglutinate inside the host cells, or inhibit motility of the 
parasite in some other way. Also, it would be useful to know 
if intact antibody is required for egress inhibition or if a com-
bination of Fc and Fab fragments would be equally effective. 
MATERIALS AND METHODS 
Cell line and parasite maintenance 
BALB/C fibroblasts were cultured using Dulbeco's modified eagle 
medium (DMEM) supplemented with 5% heat-inactivated fetal bovine 
serum and 1 % penicillinlstreptomycin (10,000 units penicillin + 10 mg 
streptomycinlml stock solution) (complete DMEM). Cultures were kept 
at 37 C at 5% CO2, The Brazilian strain of T. cruzi was maintained in 
vitro by serially infecting cultures of BALB/c fibroblasts as described 
in Moore-Lai and Rowland (2004a). 
Infection of fibroblast cultures and treatment with normal, or 
chronic, serum 
Mouse antiserum was obtained from female BALB/c mice either un-
infected (normal serum) or at 50 days after infection, at 6 wk of age, 
with T. cruzi (chronic serum) and was heat-inactivated before use as 
described in Moore-Lai and Rowland (2004a). Culture plates were seed-
ed with an appropriate number of BALB/c fibroblasts for the culture 
plate type and experiment. (Previous work in our lab has indicated that 
infections using parasite:host cell ratios of 10: 1 or 100: 1 generate sim-
ilarly reliable parasite egress results for control and experimental cul-
tures.) These were allowed to establish overnight at 37 C and 5% CO2, 
The cells were infected with an appropriate number of motile trypo-
mastigotes for 3 hr at 37 C and 5% CO2, then washed 3 times with 
sterile PBS by pipetting, before replacing with fresh complete DMEM. 
When indicated by the experiment, on day 4 post-infection (PI), the 
culture medium was removed from the plate and replaced with either 
5% chronic serum or 5% normal serum in DMEM without PBS that 
had been filtered through a 50 ml, 0.22-j.Lm tube-top filter (Corning, 
Inc., Corning, New York). 
Long-term infections 
Infected cultures were prepared, as described above, in 16 wells of a 
24-well plate using 5 X 103 BALB/c fibroblasts per well and infecting 
with 5 X 105 T. cruzi parasites per well. On day 4 PI, extracellular 
parasites from each well were counted separately by mixing the culture 
medium 3 times by pipetting to distribute the parasites before drawing 
lO-j.LI samples from the bottom of the wells to count on a hemocytom-
eter (Bright-line, VWR International, Pittsburgh, Pennsylvania). In all 
experiments, parasite counts were taken from 8 replicate cultures per 
group. Throughout the experiments, any clumped or agglutinated par-
asites were counted as 1 parasite. In one experiment, the number of 
clumps-agglutinates in the total count was recorded along with total 
parasite count. Medium was removed from the culture plate and 1 ml 
of either 5% chronic serum or 5% normal serum in DMEM (prepared 
without PBS and filtered through a 0.22-j.Lm, 50-ml tube-top filter) was 
added to each well. During the course of the experiment, if the culture 
medium began to become acidic in any of the wells, the media was 
removed from all wells into separate microcentrifuge tubes, and any 
detached host cells or extracellular parasites were pelleted at 1,200 g 
for 1-2 min. The supernatant was then discarded and each tube was 
resuspended in 1 ml of the appropriate fresh medium, containing either 
5% chronic or 5% normal mouse serum in DMEM without PBS, and 
added back to the same well from which it was taken. This was nec-
essary at about days 7 and 9 PI because of medium acidity due to the 
large number of fibroblasts at that point. Extracellular parasites were 
counted, as described above, for day 4 PI and at days 5 or 6, 8, and 10 
or 12. 
Long-term infection and subsequent infectivity 
A supply of 5% normal, or chronic, mouse serum in DMEM without 
FBS was sterilized using a 0.22-j.Lm, 50-ml tube-top filter. Medium was 
decanted from 2, 25-cm2 flasks of infected cells on day 4 PI. Five 
milliliters of 5% normal mouse serum in DMEM without PBS was 
added to one flask and 5 ml of 5% chronic mouse serum in DMEM 
without PBS was added to the other. Medium was replaced, as neces-
sary, throughout the course of the experiment with fresh medium from 
the same batch. On day 11 PI, 16 wells of a 24-well plate were seeded 
with 1 X 105 fresh BALB/c fibroblasts per well and allowed to establish 
overnight. On day 12 PI, the supernatant containing egressed parasites 
from each 25-cm2 flask was centrifuged at 600 g for 10 min, and each 
was resuspended in 8 ml complete DMEM. Parasites were counted from 
each sample using a hemocytometer, and then parasites from the 5% 
normal flask were diluted with additional complete DMEM to the same 
parasite concentration as the 5% chronic flask. Parasite suspensions 
were placed on the fresh fibroblasts and allowed to infect for 3 hr at 
37 C and 5% CO2, Cells were then washed 3 times with sterile PBS, 
and fresh DMEM was added to each well. Seven days PI of the 24-
well plate, extracellular parasites were counted as above. 
Absorption 
Infected cultures for use in the serum absorption assay were prepared, 
as described above, in 48 wells of a 96-well culture plate using 2 X 
104 BALB/c fibroblasts per well, infecting with 1.4 X 106 parasites per 
well. To prepare absorbed sera, 1 ml of 5% chronic mouse serum in 
DMEM without FBS was placed into each of 6 wells of a 12-well 
culture plate, and 4 X 106 parasites in 200 j.LI complete DMEM were 
added to each of the wells. The plate was incubated for 1 hr at room 
temperature on a rotating platform at 17 rpm. Medium from each well 
was then removed into separate microcentrifuge tubes and centrifuged 
for 2 min at 1,200 g. One milliliter of the supernatant was removed 
from each microcentrifuge tube and replaced on the 12-well plate, then 
200 j.LI of fresh parasites from the same stock were again added to each 
well, and the process was repeated. Two wells of medium containing 
sera were absorbed in this manner a total of 2 times, 2 wells were 
absorbed a total of 5 times, and' 2 wells were absorbed a total of 10 
times. The absorbed medium was then filtered through a 0.45-j.Lm sy-
ringe filter to sterilize and also to remove any remaining parasites from 
the absorption procedure. Four days PI of the 96-well plate, medium 
was removed and replaced with either complete DMEM, 5% normal 
mouse serum, 5% chronic mouse serum, 5% chronic mouse serum ab-
sorbed 2 times, 5% chronic mouse serum absorbed 5 times, or 5% 
chronic mouse serum absorbed 10 times. On day 5 PI, extracellular 
parasites were counted from each of 8 replicate wells, as described 
above. Any clumped or agglutinated parasites were counted as 1 para-
site for the total parasite count, and the number of clumps-agglutinates 
was recorded along with the total extra-cellular parasite number. 
Parasite agglutination 
A previously described technique (Chatterjee et aI., 2003) was adapt-
ed to measure agglutination of parasites in the presence of chronic se-
rum. Chronic serum was diluted in DMEM without FBS to concentra-
tions of 5%, 0.5%, 0.05%, 0.005%, and 0%, while normal serum was 
diluted to concentrations of 5%, 0.5%, and 0.05%. Extra-cellular trypo-
mastigotes from an infected culture of BALB/c fibroblasts were washed 
3 times, and 5 samples of I X 107 trypomastigotes were centrifuged for 
600 g for 10 min, and each was resuspended in one of the chronic 
serum dilutions. These samples were transferred to separate wells on a 
24-well plate, with 1 well per serum concentration, and incubated at 
room temperature for 1 hour on a rotating platform at 12 rpm. Agglu-
tination of trypomastigotes was quantified, as previously described (Ga-
main et aI., 2001), while observing the parasites microscopically at 
X 100. The size of the agglutinates was first scored from 0 to 5, where 
o was no agglutination, I was 10-20 parasites, 2 ,was 20-50 parasites, 
3 was 50-100 parasites, 4 was 100-250 parasites, and 5 was >250 
parasites. A second score was added to the first to account for number 
of agglutinates in a X 100 field of view, with 0 being < 10 agglutinates, 
0.25 was 10-25 agglutinates, 0.5 was 25-50, and 0.75 was >50. This 
experiment was replicated on different days using different serum and 
parasite preparations. The data reported are from I of these experiments 
and are representative of the replicates. 
Antibody cleavage 
IgG purification and concentration: IgG purification was performed 
using a Protein A Antibody Purification Kit (Sigma, St. Louis, Missouri) 
per package instructions. Chronic and normal serum samples were clar-
ified by passing through a 0.45-fLm filter and then added to 4 ml of 
binding buffer. Prepared sera were then loaded, using a lO-ml syringe, 
onto a prepared cartridge containing protein A. Unbound protein was 
then washed off the cartridge using binding buffer. The protein A car-
tridge was then connected to the prepared desalting cartridge. The 
bound IgG in the protein A cartridge was eluted using 5 ml elution 
buffer, first passing through the protein A cartridge and then the de-
salting cartridge. The resulting solution contained the purified IgG. 
To concentrate the IgG sample for use in the cleavage protocol, a 
centrifugal cellulose membrane-based concentrator was used (Centri-
plus, Millipore, Billerica, Massachusetts) with a molecular weight cut-
off of 100 kDa. Purified IgG was loaded into the top chamber of the 
device. The device was centrifuged on a swinging rotor centrifuge at 4 
C at 3,000 g for 20 min. The assembly was inverted and centrifuged at 
4 C at 2,000 g for 4 min. Concentrated sample was diluted with ex-
change buffer containing 20 mM sodium phosphate and 10 mM EDTA 
at pH 7.0 and recentrifuged using a fresh centrifugal concentrator ap-
paratus, under the same conditions, to yield a final volume of about I 
ml. After the second invert spin, the sample was covered with a storage 
cap and stored at 4 C until further use. Before use, the concentration 
of the purified IgG was determined using the Bradford method. 
Fab fragment generation: IgG digestion and purification were both 
performed using an ImmunoPure Fab Preparation Kit (Pierce Biotech-
nology, Rockford, Illinois) with immobilized papain as the digestive 
enzyme and protein A to remove the undigested IgG from the sample. 
Five hundred microliters of the purified IgG sample were combined with 
500 fLl digestion buffer and placed into a test tube with the prepared 
immobilized papain and capped with a supplied resin separator. The 
mixture was incubated at 37 C in a shaker water bath at high speed for 
5 hr. The resin separator was used to separate the immobilized papain, 
and the digest could then be decanted. The immobilized papain was 
washed with an additional 1.5 ml binding buffer, which was added to 
the original digest. The digested IgG was then added to the prepared 
protein A column and washed through with 6 ml binding buffer. The 
Fab fragments, which would not bind to protein A, were contained in 
the flow-through. Purified Fab fragments were concentrated as above 
for purified IgG, except a centrifugal cellulose membrane-based con-
centrator with a molecular weight cut-off of 10 kDa was used. The 
concentration of proteins in this sample was determined with the Brad-
ford method. 
SDS-PAGE: SDS-PAGE analysis was used to determine the success 
of the above methods in IgG purification and digestion into Fab frag-
ments. A discontinuous polyacryamide gel with 4% stacking and 15% 
resolving was prepared as a mini gel. A volume containing 5 fLg of 
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each sample (purified IgG or Fab fragments) was combined with equal 
volumes of 2x sample buffer (0.1 M dithiothreitol, 2% SDS, 0.08 M 
Tris-HCl, and 10% glycerol), boiled for 3 min, and loaded onto the gel 
along with lO-fLl molecular-weight markers ranging from 6.5 to 205 
kDa. The gel was electrophoresed at 100Y and lOrnA until the tracking 
dye reached the bottom of the gel, and then the gel was stained with 
rapid Coomassie blue. The gel was photographed using a Gel Doc 2000 
with Quality One 4.6.0 data analysis software (Bio-Rad, Hercules, Cal-
ifornia). 
Egress inhibition by Fab fragments: Infected cultures were prepared, 
as described above, in 48 wells of a 96-well plate using I X 104 
BALB/c fibroblasts/well and infecting with I X 105 parasites/well. This 
lower infectious dose of parasites was used due to the availability of 
culture-derived trypomastigotes. At day 4 PI, medium was removed, 
and 1 of 6 serum treatments was applied to each set of 8 wells. Each 
of the treatments was filtered through a 0.2-fLm syringe filter before 
application to the cultures. Eight wells were treated with complete 
DMEM, 8 wells were treated with DMEM without FBS containing 5% 
normal serum, and 8 wells were treated with DMEM without FBS con-
taining 5% chronic serum as controls. Eight wells were treated with 
complete DMEM with 5% concentrated IgG from chronic serum, and 
8 wells were treated with complete DMEM with 5% diluted IgG from 
chronic serum. IgG was diluted to match the protein concentration 
found in the Fab samples. Finally, 8 wells were treated with complete 
DMEM with 5% Fab from chronic serum. Extra-cellular trypomasti-
gotes were counted from 8 replicate cultures, per group, as described 
above. 
Statistical analysis 
Statistical analysis was performed using StatYiew software (SAS In-
stitute, Cary, North Carolina). Depending on the experiment, either an 
independent-sample t-test (long-term infection and subsequent infectiv-
ity), analysis of variance (absorption and Fab egress inhibition), or a 
repeated measures analysis of variance (long-term infection) was per-
formed. 
RESULTS 
Release of T. cruz; trypomastigotes over time in cultures 
treated with normal or chronic serum 
One objective of this study was to determine if chronic serum 
can inhibit parasite egress beyond days 5-7 PI. Two experi-
ments were performed in which cultures of infected BALB/c 
fibroblasts were treated with either 5% normal, or 5% chronic, 
mouse serum beginning at day 4 Plover an extended period of 
time, and extra-cellular parasites were counted on several days 
over the course of the experiment. The results from the 2 ex-
periments were similar (Fig. I). The number of extracellular 
parasites increased over time for both normal and chronic se-
rum-treated cultures, although more rapidly in the normal se-
rum-treated cultures. Numbers of extracellular parasites were 
also significantly higher at every time post-treatment in the nor-
mal-treated cultures, with the difference between the 2 increas-
ing more over time. Counts for the chronic serum-treated cul-
tures included some parasite agglutinates, which were treated 
as I parasite for counting purposes. It was determined that 
about 30% of counts from ail chronic serum-treated cultures 
were these agglutinates (data not shown). 
Infectivity of parasites released from host cells treated 
with normal serum or chronic serum 
The purpose of this experiment was to determine if parasites 
released from chronic serum-treated cultures retained infectivity 
relative to the control. Cultures of infected cells were treated 
for 10 days with 5% normal or chronic serum. Extra-cellular 
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parasites released from chronic serum-treated cultures. The final 
objective was to elucidate the mechanism of egress inhibition 
by determining if the antibody target is of parasite, and not host, 
origin; documenting the agglutinating properties of chronic se-
rum outside, and possibly inside, the host cell; and purifying 
and fragmenting IgG into Fab fragments to elucidate the nature 
of the antibody mechanism of action. 
To determine the fate of non-egressed parasites, cultures of 
infected fibroblasts treated with normal or chronic serum were 
maintained over an extended period of time. Earlier work in 
our lab on anti-egressin reported results from shorter culture 
periods of 7 days (Moore-Lai and Rowland, 2004a, 2004b). In 
cultures treated with normal serum, parasite numbers increased 
significantly over up to 12 days of culture, which was expected 
because egress was not inhibited in these cultures. Cultures 
were maintained for enough time so that parasites could theo-
retically egress from their first host cells, infect a second round 
of fibroblasts, and egress once more. In cultures treated with 
chronic serum, parasite numbers also increased significantly 
over time, which was not necessarily the expected result. Thus, 
there is not a complete inhibition of egress in these cultures. 
However, at each point post-treatment, parasite numbers in 
chronic serum-treated cultures were significantly lower than for 
normal serum-treated cultures. 
It would be tempting to conclude that the effect of chronic 
serum on parasite egress is equal to the observed difference in 
extra-cellular parasite numbers at each point in time. However, 
this may be misleading due to the method used for counting 
extra-cellular parasites. In the chronic serum cultures, aggluti-
nates were observed when counting the extra-cellular trypo-
mastigotes. It was not practical to determine the exact number 
of parasites in each agglutinate, so each agglutinate was count-
ed as if it were 1 parasite, even though it obviously consisted 
of multiple parasites. In later experiments, the percyntage of the 
total count that constituted these agglutinates was determined, 
which was about 30% for all cultures post-treatment with 
chronic serum (data not shown). Thus, actual parasite numbers 
may have been higher for these chronic serum-treated cultures, 
and the observed difference between normal serum-treated cul-
tures and chronic serum-treated cultures may not actually be as 
great as it appears from these data. 
Another possible explanation for the presence of parasites 
outside the host cells in chronic serum-treated cultures is that 
the host cells undergo apoptosis or necrosis, and this process 
causes the eventual release of the parasites. It is unlikely that 
apoptosis is the mechanism of cell death in mouse fibroblasts. 
According to a micro-array study, the host genes responsible 
for apoptosis in fibroblasts are down-regulated by T. cruzi 
(Moore-Lai and Rowland, 2004c). Also, TUNEL staining of 
tissue sections, from infected mice as well as tissue cultures, 
detected no apoptosis in infected fibroblasts; however, apoptosis 
was detected in infected cardiomyocytes and macrophages (De 
Souza et aI., 2003). Since these experiments are based on cul-
tures of mouse fibroblasts, it is more likely that the host cells 
would undergo necrosis after an extended period of infection, 
releasing intracellular parasites at the end of this process. Thus, 
chronic serum-treated parasites may not be able to egress nor-
mally at any point, but the necrosis of the host fibroblast could 
achieve their release in an alternative way. 
It is difficult, however, to forecast the result in vivo, where 
a variety of cell types other than fibroblasts are parasitized. If 
necrosis is responsible for a release of intracellular parasites in 
fibroblasts, this cannot be assumed for other cell types. Apo-
ptosis in infected cardiomyocytes and macrophages is known 
(De Souza et aI., 2003), but the fate of the intracellular parasites 
in the apoptotic host cell is not clear. Using LIVEIDEAD stain-
ing (Reduced Biohazard Viability Kit, Invitrogen, Carlsbad, 
California) of infected host cells in our studies, all combinations 
of living or dead host cells and parasites were observed, al-
though a high number of dead host cells was found to contain 
living parasites (data not shown). Future work in this area 
should focus on verifying that apoptosis does not occur in in-
fected chronic serum-treated cultures of fibroblasts and to re-
peat these experiments in other commonly parasitized cell 
types. 
In testing the infectivity of egressed parasites, it was found 
that T. cruzi released from cells treated with chronic serum had 
a reduced ability to complete an infection cycle. When fresh 
uninfected cultures were infected with equal numbers of para-
sites released from cells treated with either normal or chronic 
serum, the cultures that had been infected with parasites from 
the chronic serum-treated culture released fewer parasites on 
day 5 post-infection. Thus, even if parasites in chronic serum-
treated cultures do escape the host cell, their ability to complete 
an infection cycle in fresh host cells is reduced. 
One possible explanation for this result is that antibody from 
chronic serum still bound to the parasite surface inhibits infec-
tion. This explanation would not clarify whether the antibody 
bound inside the host cell, or once the parasite had escaped the 
host cell. Also, it is possible that agglutination of parasites, 
either inside or outside the host cell, inhibits infection. It would, 
in fact, be surprising if an agglutinate of parasites could effec-
tively infect a host cell, considering motility constraints and the 
increased size of the agglutinate itself. Because about 30% of 
counts were agglutinates, this may account for some of the re-
duction in parasite release on day 5, but as the actual difference 
was great, it is not likely that this is the only explanation. 
It is important to keep in mind that the mechanism of egress 
inhibition itself does not appear to be directly toxic to the par-
asites. This is evidenced not only by the viability staining, but 
also by the fact that some parasites are able to escape the host 
cell and infect a new cell. Egress is inhibited by chronic serum, 
but not in a way that kills the parasites. 
It was important to determine if the egress inhibitory activity 
could be absorbed from the chronic serum, considering the 
strong possibility of anti-egressin acting through specific bind-
ing to the parasite. Chronic serum-containing DMEM was ab-
sorbed with living trypomastigotes and then placed on day-4 
infected fibroblasts to determine if the absorption process had 
removed the egress-inhibition effect. Absorption twice did not 
result in a change of egress inhibition, but absorption 5 or 10 
times resulted in numbers of extra-cellular parasites on day 5 
PI no different from control cultures treated with normal serum. 
Therefore, the antibody responsible for the egress-inhibition ef-
fect is able to be absorbed out onto the trypomastigotes. The 
antibody is also likely to be present in relatively large amounts 
because absorption twice did not result in loss of egress inhi-
bition. This experiment also confirms that the most-likely target 
of the egress-inhibiting antibody is a surface component of the 
parasite, or a factor secreted by the parasite, and is not likely 
to be a component of the infected host cell, as previously sug-
gested (Moore-Lai and Rowland, 2004b). 
Given that egress inhibition activity could be absorbed using 
parasites, an obvious possible mechanism of egress inhibition 
would be agglutination. Exposure of extra-cellular parasites to 
5% or 0.5% chronic mouse serum resulted in the agglutination 
of the parasites, while exposure to normal mouse serum had no 
such effect. This result reinforces the idea that a target of an-
tibodies in chronic serum is on the parasite surface. Since there 
are likely many anti-parasite antibodies in chronic serum, it 
cannot be definitively concluded that the agglutinating antibody 
is also responsible for egress inhibition. Our lab has recently 
reported that antibodies are able to enter the host cell at a late 
stage of infection (Costales and Rowland, 2007), so it is pos-
sible that the same antibodies that agglutinate extra-cellular par-
asites would also agglutinate them inside the host cell. If they 
do so, this would impair the parasite motility. Intense motility 
is seen during normal parasite egress and is considered to be a 
requirement (Andrade and Andrews, 2005), so impairment of 
this motility may result in a lack of egress. 
It was also observed that many extra-cellular parasites were 
agglutinated or clumped in long-term cultures treated with 
chronic serum. There are 2 obvious possibilities for the occur-
rence of these clumps of parasites. One is that agglutination 
occurs inside the host cells and extra-cellular agglutinates ap-
pear if the dead host cell's membrane breaks down to let large 
clumps escape. Another possibility is that parasites that had 
egressed normally became agglutinated once they were outside 
the cell. A combination of both scenario,s is also possible. 
Provided that intracellular agglutination of the parasites by 
chronic serum occurs, the dependence of this agglutination for 
egress-inhibition activity.could be determined. Treating infected 
cells on day 4 PI with purified Fab from chronic serum IgG 
(cFab) fragments does not inhibit egress, yet treatil)g cells with 
purified chronic serum IgG (cIgG) at the same protein concen-
tration does inhibit egress. This finding suggests that binding 
alone to the parasite or secreted factor is not sufficient to inhibit 
egress and implicates cross-linking as a possible requirement 
for egress inhibition. 
It has been suggested that cFabs may not be able to enter 
infected cells because of the lack of Fc, assuming the mecha-
nism of transport across the membrane is via an Fc receptor. 
This is possible, but unlikely, because if cIgG were transported 
that readily across the membrane due to Fc transport alone, it 
would probably occur at all stages of infection. It was previ-
ously determined that immunoglobulin enters the host cell only 
during the last few days of infection (Costales and Rowland, 
2007). 
Evidence has been presented herein suggesting that the mode 
of egress-inhibition activity is through intracellular agglutina-
tiQn via antibody binding to parasite surface antigens, resulting 
in the reduction in parasite' motility. These antibodies are able 
to breach the host-cell membrane late in the infection cycle. 
This antibody-mediated activity could playa role in the reduc-
tion of parasite load seen towards the end of the acute phase 
of infection. Since our model system involves the function of 
a single cell type infected with a single T.cruzi strain in vitro, 
these results may not be reflective of the situation in vivo. How-
ever, the use of fibroblasts, which are a good model for the 
non-phagocytic host cell, does provide useful information on 
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host-parasite interaction during this complex infection. As fur-
ther support of our approach, we have found that human cha-
gasic serum demonstrates anti-egressin activity in our mouse 
fibroblast model (Costales and Rowland, 2005). 
Future studies, for example involving anti-parasite monoclo-
nal antibodies, would be helpful in determining the specific tar-
get and mechanism of action of the antibody responsible for 
egress inhibition. By clarifying the specific mechanism or 
mechanisms involved, the little-understood process of T. cruzi 
egress could be better described. These mechanisms could then 
be verified by disrupting egress in other ways. The current 
knowledge of the T. cruzi intracellular cycle focuses predomi-
nantly on cell invasion (reviewed in Andrade and Andrews, 
2005). Egress has been studied comparatively little, and much 
remains to be understood. 
It would also be important to determine if the increase in 
membrane permeability at the end of the intracellular cycle is 
initiated by the host cell or by the parasite. Both possibilities 
seem equally likely. The host cell may lose membrane integrity 
as a result of loss of viability due to parasite load. Alternatively, 
the parasite may actively permeabilize the host-cell membrane 
as a requirement for some point in its intracellular cycle. De-
termining the biochemical makeup and stability of the perme-
able membrane would also be of interest. 
In summary, this work confirms the observation that chronic 
serum inhibits parasite egress. Chronic serum treatment, there-
fore, also decreases parasite replication over time, as confirmed 
in the long-term culture experiments. This antibody-mediated 
activity may play a role in reducing the parasite load during 
infection. Paradoxically, the inhibition of parasite egress may 
partly explain parasite persistence in vivo. Also, the increased 
membrane permeability may account for the availability of par-
asite antigen to the immune system, partly accounting for in-
flammation and pathology during infection. 
An antibody acting inside the host cell is not a classic and 
well-known mechanism of action, yet it is not a completely 
novel idea. An antibody has been shown to act intracellularly 
in macrophages to neutralize Listeria sp. (Edelson and Unanue, 
2001). However, a process in which the antibodies enter by 
increased permeability, and not by active uptake by cells, has 
not been described in another system. If this is indeed the case 
for T. cruzi, it is possible that the phenomenon is not unique 
and may be present in other intracellular pathogenic systems. 
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REDESCRIPTION AND DESIGNATION OF A NEOTYPE OF TEMNOCEPHALA TAL/CEI 
DIONI, 1967 (PLATYHELMINTHES: TEMNOCEPHALlDA) 
Odile Volonterio 
Secci6n Zoologfa de Invertebrados, Facultad de Ciencias (Piso 8 Sur), Igua 4225, Montevideo 11400, Uruguay. e-mail: odile@fcien.edu.uy 
ABSTRACT: Temnocephala talicei was described from Uruguayan material found mainly on Aegla prado, Its original description 
was based principally on its distinctive penial stylet, and, therefore, many aspects of the species anatomy that are now important 
in the taxonomy of the genus were not contemplated; type specimens were never designated; and the material used to describe 
the species has been lost. The present work provides a redescription of the species based upon material collected from the type 
host and in the type locality. Given the possibility of confusion in its identification, and in order to preserve its taxonomic 
stability, a neotype of T. talicei is designated. The closest species to T. talicei is Temnocephala mertoni, from which it can be 
separated by the presence of conspicuous intestinal septa, a markedly asymmetrical sphincter in the vagina, markedly lobed 
testes, a straight penial stylet with a non-I'inuous distal portion of the shaft, a characteristic large, 'mouthpiece' -shaped introvert 
without discrete thickenings, and approximately 10 crowns of well-developed spines of decreasing length placed throughout the 
whole extension of the introvert. A comparison of material from Uruguay, Argentina, and Paraguay shows that there is little 
variation in the morphometry of the species. Finally, a comparison of the post-tentacular syncytia of T. talicei and T. mertoni 
shows that this is not always a species-specific character. 
Temnocephala talicei Dioni, 1967 was described from Uru-
guayan material found mainly on Aegla sp. in the botanical 
garden of EI Prado, Montevideo (Departamento de Montevideo, 
Uruguay). The only species of Aegla found in this botanical 
garden is Aegla prado Schmitt, 1942, and the only species of 
Temnocephala present there on this host is T. talicei. This is in 
agreement with Dioni (1967b), who stated that he published the 
description of a new species of Temnocephala found mainly on 
specimens of A. prado from EI Prado, Montevideo. Therefore, 
even though the species of Aegla is not mentioned in Dioni 
(1967a), it is reasonable to assume that A. prado was the type 
host for T. talicei. 
So far, T. talicei has only been found on species of Aegla 
Leach, 1820 (Aegla pZatensis Schmitt, 1942, A. prado Schmitt, 
1942, Aegla uruguayana Schmitt, 1942, and Aegla sp.) (Dioni, 
1967a, 1968; Damborenea, 1991, 1992; Dambo:r:enea et aI., 
1997; Volonterio and Ponce de Le6n, 2003), showing a high 
degree of specificity for aeglid hosts. 
Since its discovery, there have been reports from several oth-
er localities in Uruguay, Argentina, and Paraguay, which sug-
gests a distribution encompassing the Rio de la Plata basin and 
small streams that open into the Atlantic coast of Uruguay 
(Dioni, 1967a, 1968; Damborenea, 1991, 1992; Damborenea et 
aI., 1997; Volonterio and Ponce de Le6n, 2003; this work). 
There is no doubt regarding the validity of T. talicei. How-
ever, the species was defined only on the basis of its distinctive 
penial stylet, which clearly differentiates it from the other spe-
cies of Temnocephala. Consequently, the original description 
lacks information on many anatomical aspects that are currently 
considered in the taxonomy of Temnocephala; therefore, a re-
description of the species is needed. Unfortunately, Dioni 
(1967a) did not designate type specimens; the material he stud-
ied was never deposited, and all attempts to locate it have 
failed. Temnocephala talicei is very similar to Temnocephala 
mertoni Volonterio, 2007, and both species have been found 
together on A. uruguayana (Volonterio, 2007a). Many of the 
characters that differentiate them are only evident in dissec-
tions, and an examination of the species of Temnocephala de-
posited in our Helminthological Collection showed that in toto 
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specimens of T. mertoni have been misidentified as T. talicei 
in the past. Therefore, given the potential for confusion between 
T. mertoni and T. talicei, and in order to retain the taxonomic 
stability of T. talicei, there is need to designate a neotype of 
the latter. This work reports the designation of a neotype of T. 
talicei from the type locality and type host. Based upon the 
neotype and additional material, a redescription of the species 
is given. 
MATERIALS AND METHODS 
Specimens of Aegla prado were collected in Jardin Botiinico El Pra-
do, Montevideo, Uruguay (34°49'S, 56°12'W), in March 2005. Hosts 
were brought alive to the laboratory, and the temnocephalids were re-
covered with the aid of a stereomicroscope. The A. prado specimens 
were afterward killed and stored in 70% ethanol. Worms were killed 
with hot water (60 C), fixed in formalin-acetic acid-alcohol (FAA) for 
24 hr, and stored in 70% ethanol. They were stained with acetic carmine 
and fast green, dehydrated, and mounted in Canada balsam. Both whole 
mounts and mounts of dissections of the reproductive complex were 
made. A few specimens were killed with hot 5% silver nitrate (60 C) 
and exposed to bright light until the epidermal mosaic was evident. 
They were washed with distilled water, and transitory mounts were 
made to study the shape of the post-tentacular syncytia. 
Egg samples were taken from the surface of the hosts and stored in 
70% ethanol. Transitory mounts were made in lactophenol and water, 
to carry out the qualitative and morphometrical analysis of the eggs, 
respectively. 
To make histological sections, some specimens were fixed in Bouin. 
Serial, 5-lJ.m-thick sections were cut. Sections were stained with Hei-
denhain's hematoxilin, and counterstained with Y eosin. Permanent 
mounts were made in Canada balsam. 
Drawings were made with the aid of a camera Lucida. Measurements 
are given in micrometers (IJ.m) as mean (range; standard deviation, n). 
REDESCRIPTION 
Temnocephalida Bresslau and Reisinger, 1933 
Temnocephalidae Monticelli, 1899 
Temnocepha/a Blanchard, 1849 
Temnocepha/a talicei Dioni, 1967 
(Figs. 1-5) 
Diagnosis: Body without tentacles, elliptical; maximum width at lev-
el of gonopore (Fig. 1). Length without tentacles 1,547.8 (1,229.6-
1,833.3; 202.39; 10); width 1,039.3 (888.9-1,296.3; 109.36; 10). Epi-
dermis with elongate post-tentacular syncytia, wider at level of excre-
tory pores; extend from base of external tentacles to intestinal zone, 
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reaching level of limit between anterior and middle thirds of intestine 
(Fig. 2). Subterminal sucker 303.2 (251.9-425.9; 54.48; 8) length by 
323.3 (266.7-407.4; 41.36; 10) width. Peduncle perpendicular to body 
surface; base 156.9 033.3-177.8; 16.67; 8) length by 180.4 055.6-
222.2; 17.81; 10) width. Ratio body length without tentacles to sucker 
length 1:0.16-0.26 0:0.21). Sucker glands between and posterior to 
posterior testes (Fig. 1). Eyes dorsal to brain, with dark red pigment, 
unlike bright red eyes of other Temnocephala species present in Uru-
guay. Haswell glands conspicuous, anterior to pharynx (Fig. 1). Pharynx 
268.5 (237.0-333.3; 29.38; 10) length by 313.3 (259.3-370.4; 37.66; 
10) width. Intestine wider than long, with marked central constriction 
and conspicuous septa (Fig. 1). Tentacular glands abundant, lateral to 
intestine. Excretory ampullae lateral to pharynx; nephropores dorsal, in 
wider zone and close to inner margin of post-tentacular syncytial plates 
(Fig. 2). Two paranephrocytes posterior to posterior testes, or partially 
overlapping their posterior side (Fig. 1). 
Ovary ovoid; oviduct short, opens into ootype (Fig. 3). Resorbens 
vesicle in space left by posterior constriction of intestine, or slightly 
posterior and to right of constriction (Fig. 1); ovoid, anterior side con-
vex, posterior side flattened, 197.3072.1-240.9; 21.25; 12) length by 
154.3 019.6-193.8; 23.07; 11) width. Conduct connecting ootype with 
resorbens vesicle generally expanded; expansion 45.9 06.8-87.0; 
24.19; 9) length by 43.9 (21.9-81.5; 18.74; 9) width (Fig. 3). About 
10% of specimens have 4 small seminal receptacles instead of expan-
sion. Vagina 119.1 (87.0-184.8; 33.55; 8) length by 50.8 (41.7-83.3; 
11.00; 16) maximum width. Distal sphincter markedly asymmetrical, 
37.4 (27.2-45.3; 5.72; 16) diameter, 29.7 (21.7-39.9; 4.72; 16) maxi-
mum thickness (Fig. 3). Vitelline glands branched, surrounding intestine 
completely (Fig. 1). Eggs claviform, 441.7 (388.6-472.6; 19.46; 49) 
length by 219.5 (189.1-246.8; 13.64; 49) width, with median-sized sub-
polar filament (Fig. 4a). Opercular plates median-sized, forming an an-
gle respect to longitudinal axis of egg, so that plane of fracture of 
operCUlum is oblique (Fig. 4a, b). 
Testes markedly lobed; 2 anterior, posterolateral to intestine, and 2 
larger, posterior to same organ and in more central position (Fig. 1). 
Testes anterior and posterior on each side connected by short spermatic 
ducts. Vasa efferentia ogginate on inner side of posterior testes; right 
long, left short (Fig. 1). Seminal vesicle pyriform, 196.3 (170.3-228.3; 
19.65; 15) length by 91.2 (70.7-126.8; 15.70; 15) width; wall thickness 
7.0 (5.4-9.1; 1.00; 15). Contractile vesicle 150.6 (132.2-193.8; 15.01; 
16) length by 94.9 (74.3-125.0; 14.05; 16) width; walI'thickness 6.7 
(5.4-9.1; 1.09; 16). Prostatic glands external to contractile vesicle only 
evident in dissections (Fig. 4). Penial stylet straight, 125.5 (110.5-
139.5; 9.10; 15) length by 60.4 (50.7-72.5; 5.56; 16) base; introvert 
26.3 (21.7-34.4; 3.50; 16) length, 18.2 (n = 1) maximum width, 15.3 
(n = 1) minimum width, with 10 crowns of spines throughout whole 
length of introvert (Fig. 5). Proximal spines larger than distal ones (-16 
fLm and 6-7 fLm, respectively). Ratio body length to distance gonopore-
base of tentacles 1:0.540:0.51-0.57). Gonopore glands not conspicu-
ous. 
Taxonomic summary 
Host: Aegla prado Schmitt, 1942. Deposited in the Invertebrate Col-
lection of the Secci6n Zoologia de Invertebrados, Facultad de Ciencias 
(Universidad de la Republica), Montevideo, Uruguay (BP 11012-
11021). 
Site: Body surface, branchial chambers, and in chamber formed by 
the flexed portion of the abdomen, at level of somites 2-5. 
Locality: Jardin Botaruco El Prado, Montevideo, Departamento de 
Montevideo, Uruguay (34°49'S, 56°12'W). 
Other localities: Arroyo Molles, Ruta 8, Km. 238, Departamento de 
Lavalleja, Uruguay (33°36'S, 56°35'W), on Aegla uruguayana Schmitt, 
1942. 
Specimens deposited: A neotype (whole-mount, AP 11816), 16 ad-
ditional whole-mounts (AP 11817-11832), 20 dissections of the repro-
ductive complex (AP 11833-11852), and 14 slides with sagittal (AP 
11853-11856), frontal (AP 11857-11859), and transverse (AP 11860-
11866) histological sections of material from the type locality and type 
host were deposited in the Helminthological Collection of the Secci6n 
Zoologia de Invertebrados, Facultad de Ciencias, Uruguay. 
VOLONTERIO-REDESCRIPTION OF TEMNOGEPHALA TAL/GEl 347 
Remarks 
Temnocephala talicei is most similar to Temnocephala mertoni Vo~ 
lonterio, 2007. As reported by Volonterio (2007b), they are both small 
species with similar body shape, rather small suckers, a central con-
striction in the intestine, a straight penial stylet of similar length, and 
identical morphology of the eggs, with median-sized, subpolar filament, 
and opercular plates oblique with respect to the longitudinal axis of the 
egg. Both species have elongated post-tentacular syncytia, wider at the 
level of the nephropore, reaching the level of the limit between the 
anterior and middle thirds of the intestine. They also have 2 para-
nephrocytes in similar position. Finally, they both have only 1, asym-
metrical, sphincter in the female reproductive system. 
Despite these similarities, T. talicei can be differentiated from T. mer-
toni by the presence of conspicuous intestinal septa, a markedly asym-
metrical sphincter in the vagina, markedly lobed testes, a straight penial 
stylet with a non-sinuous distal portion of the shaft, a large, 'mouth-
piece'-shaped introvert (sensu Dioni, 1967a) without discrete thicken-
ings, and with approximately 10 crowns of well-developed spines of 
decreasing length, regularly placed throughout whole extension of the 
introvert. 
DISCUSSION 
In general, there is a very good agreement between the body 
length, the ratio body length to diameter of the sucker, and the 
morphometry of the penial stylet between the material studied 
here and that given by Dioni (1967a). The same author also 
reported that spines in the introvert are 5-7 IJ.m in length, a 
value that corresponds to the length of the distal spines reported 
here. According to Dioni (1967a), the length of the contractile 
vesicle in T. talicei is greater than the length of the penial stylet, 
although he did not mention the actual sizes; this observation 
is also confirmed by the present work. This overall similarity 
is to be expected, given that both samples belong to the same 
population. However, it also applies to the populations from 
Argentina studied by Damborenea (1991, 1992) and Dambo-
renea et al. (1997), and to the population from Paraguay studied 
by Dioni (1968), suggesting that there is little variation in the 
morphometry of the species. 
Despite having similar body lengths, the lengths of the sem-
inal and contractile vesicles are significantly larger in the Uru-
guayan population than those reported by Damborenea (1991, 
1992). This difference is probably due to the fact that mea-
surements of these structures in the Uruguayan population were 
taken from dissections of the reproductive complex. This is in 
agreement with Dioni (1967a), who mentioned the difficulty of 
measuring the contractile vesicle of specimens in toto because 
of its position; the same problem accrues to the seminal vesicle. 
Damborenea (1991, 1992) mentioned the absence of a muscular 
sphincter in the female reproductive system of T. talicei from 
Argentina. In the material studied here, a sphincter was evident 
in both the in toto specimens and the dissections of the repro-
ductive complex; its presence was confirmed with a subsequent 
histological analysis. It has an atypical shape with respect to 
other species of Temnocephala; its asymmetry is so pronounced 
that the thinner portion is generally not visible in whole mounts, 
making it difficult to recognize as a sphincter. The 2 descrip-
tions of T. talicei from Argentina (Damborenea, 1991, 1992), 
therefore, differ from the Uruguayan material in a structure of 
the female reproductive complex that is now considered of tax-
onomic value. Furthermore, the absence of an evident sphincter 
is used to identify T. talicei in a key to the species of Temno-
cephala (Damborenea, 1992). This reinforces the need for the 
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designation of a neotype of T. talicei in order to preserve its 
taxonomic stability. 
The post-tentacular syncytia observed in the Uruguayan pop-
ulation are consistent with the drawing of a specimen of T. 
talicei from Argentina provided by Damborenea and Cannon 
(2001). In addition, the shapes of the syncytia showed little 
intraspecific variation in the Uruguayan population. This struc-
ture has been proposed to have taxonomic value for species of 
Temnocephala (Damborenea and Cannon, 2001; Amato et aI., 
2006; Volonterio, 2007b). However, the shapes of the post-ten-
tacular syncytia in T. talicei are identical to those of T. mertoni, 
so this trait is not always species-specific. This is in agreement 
with Sewell et ai. (2006), who stated that the character is less 
useful at low taxonomic levels. ' 
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TRANSMISSION OF DIFFERENT STRAINS OF PLASMODIUM CYNOMOLGI TO 
AOTUS NANCYMAAE MONKEYS AND RELAPSE 
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ABSTRACT: Forty-four splenectomized Aotus nancymaae monkeys were infected with 6 different strains of Plasmodium cynom-
olgi, 11 via trophozoites and 33 via sporozoites. Sporozoites from Anopheles dirus, Anopheles freeborni, Anopheles gambiae, 
Anopheles maculatus, and Anopheles stephensi resulted in prepatent periods ranging from 9 to 39 days (median of 15 days). 
Importantly, relapse was demonstrated in 5 of 5 sporozoite-induced infections with the Rossan strain following treatment with 
chloroquine. 
Plasmodium cynomolgi is a tertian malaria parasite of Asian 
monkeys with many genetic, biologic, and morphologic simi-
larities to Plasmodium vivax. Because of this and to determine 
similarities in responses to infection in humans and to test an-
timalarial vaccines, P. cynomolgi strains were introduced into 
New World monkeys, primate hosts in which the human ma-
larial parasites P. vivax, Plasmodium Jalciparum, and Plasmo-
dium malariae are studied. The smaller size of these animals 
and the fact that both P. vi vax and P. cynomolgi develop in 
different species of Aotus monkeys (Collins et aI., 1975; Col-
lins, Skinner, Broderson et aI., 1985; Collins, Skinner, and Me-
haffey, 1985; Collins et aI., 2005) led us to continue to explore 
the use of these hosts with different strains of this simian par-
asite as model systems for various types of investigations into 
basic biology as well as vaccine and drug studies. Of particular 
interest was the potential for investigations on the phenomenon 
of relapse. Like P. vivax in humans, P. cynomolgi organisms 
can cause relapses from liver-stage hypnozoites in Old World 
macaques such as the rhesus monkey. The occurrence of relapse 
of P. cynomolgi in New World monkeys has no.t previously 
been demonstrated. Reported here are the results of our studies 
with different strains of P. cynomolgi in Aotus nancymaae mon-
keys and the first instances of relapse with this species of par-
asite in a New World monkey. 
MATERIALS AND METHODS 
Wild-caught A. nancymaae monkeys were imported from Peru. Upon 
arrival at the facility, all animals were quarantined for a 2-mo condi-
tioning period, weighed, and tested for tuberculosis. Parasitologic and 
serologic examination indicated that the animals were free of infection 
with malaria parasites before inoculation, although most animals had 
been previously infected with heterologous species of malaria parasites 
prior to infection with P. cynomolgi. All animals had been cured of the 
previous infections prior to being exposed to their current infections. 
All monkeys were splenectomized before exposure to the current infec-
tion. All surgeries were performed in an AAALAC (Association for the 
Assessment and Accreditation of Laboratory Animal Care, Internation-
al, Inc.) approved surgical suite appropriate for aseptic surgery. Proto-
cols were reviewed and approved by the Centers for Disease Control 
and Prevention Institutional Animal Care and Use Committee, in ac-
cordance with procedures described in the U.S. Public Health Policy, 
1986. 
Aotus nancymaae monkeys generally were housed doubly or in some 
cases singly to avoid injuries caused by fighting with cage mates. Space 
recommendations for laboratory animals were followed as set forth in 
the NIH Guide for the Care and Use of Laboratory Animals. All ani-
Received 23 July 2008; revised 3 September 2008; accepted 5 Sep-
tember 2008. 
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mals were fed a diet that has been proven to provide adequate nutrition 
and calories in captive Aotus spp. monkeys used in malaria-related re-
search. Feed was free of contaminants and freshly prepared. Daily ob-
servations of the animals' behavior, appetite, stool, and condition were 
recorded. The monkeys were treated by an attending veterinarian as 
medical conditions arose and were provided environmental enrichment 
devices. 
Anopheles freeborni (F-I strain originally from California), Anoph-
eles gambiae (originally from The Gambia), Anopheles farauti (origi-
nally from the southwestern Pacific), Anopheles stephenl'i (originally 
from Delhi, India), and Anopheles dirus (originally from Thailand) were 
laboratory reared and maintained at the CDC/DPD insectaries. 
For trophozoite-induced infections, freshly collected blood or blood 
that had been stored frozen was injected into the femoral vein of the 
monkey. During periods when gametocytes were present in blood, mos-
quitoes were allowed to feed on tranquilized rhesus monkeys as pre-
viously described (Collins et ai., 1966). After feeding, mosquitoes were 
held in an incubator at 25 C until 1 wk later, when some mosquitoes 
from each lot were examined for the presence of oocysts on their mid-
guts. If positive, the remaining mosquitoes were kept at 25 C in the 
incubator until sporozoites were present in the salivary glands, usually 
after 12 days. 
For sporozoite transmission, mosquitoes from lots that were shown 
by dissection to have sporozoites in the salivary glands were allowed 
to feed directly on the tranquilized recipient animal; subsequently, the 
salivary glands of these mosquitoes were examined to determine inten-
sity of infection. Alternatively, the salivary glands of infected mosqui-
toes were dissected in 20% fetal bovine serum/phosphate-buffered sa-
line and triturated to release the sporozoites; the suspension was injected 
intravenously into the femoral vein of the recipient monkey. An aliquot 
of the inoculum was examined in a Neubauer Cell Counting Chamber 
to determine the number of sporozoites injected. 
Blood-stage parasitemia was monitored and quantified by the daily 
examination of thick- and thin-blood films by the method of Earle and 
Perez (1932). Blood smear examination commenced 12 days after spo-
rozoite challenge. Infections were terminated by treatment with chlo-
roquine (30-mg base) given over 3 days. Sp0rozoite-induced infections 
were also treated with primaquine (7.5-mg base daily for 7 days). Drugs 
were administered by oral intubation. 
Six different strains of P. cynomolgi were studied. The B strain is 
the P. cynomolgi bastianellii subspecies (Garnham, 1959). Whether this 
strain is now the same as originally isolated is open to question. The 
Berok strain was isolated from a naturally infected Macaca nemestrina 
monkey in the State of Perak, Malaysia in 1964 (Coatney et ai., 1973). 
The Cambodian strain was isolated from a Macaca fascicularis in Cam-
bodia in 1962 (Bennett and Warren, 1965). The Gombak strain was 
isolated by Eyles et al. (1963) from an infected Anopheles introlatus 
mosquito near Kuala Lumpur, Malaysia. The Rossan strain was isolated 
from a Macaca mulatta monkey imported into the United States from 
the Assam-Burma area in 1960 (Schmidt et aI., 1961). The Smithsonian 
strain was isolated from a naturally infected Macaca arctoides monkey 
housed at the National Zoological Park, Washington, D.C. (Coatney et 
aI., 1973). 
RESULTS 
There were 11 trophozoite-induced infections, 7 with the B 
strain, 3 with the Gombak, and 1 with the Rossan strain in A. 
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TABLE I. Maximum parasite counts and duration of infection in 11 
splenectomized Aotus nancymaae monkeys infected with different 
strains of Plasmodium cynomolgi by blood transfer. 
Maximum 
Parasites/uL 
10,000 
1,000 
Parasite Previous parasite 100 
Monkey strain infection* countt Duration:j: 
AO-0634 B 
AO-0641 B 
AO-0644 B 
AI-2144 B 
AO-0428 B 
AO-0596 B 
AO-0597 B 
AO-0650 Gombak 
AO-0652 Gombak 
AI-3242 Gombak 
AI-3209 Rossan 
Fal 
Viv, Fal 
Viv, Fra 
Viv, Fra 
Fa! 
Fal, Bra 
400,000 
320,000 
80,000 
156,000 
12,385 
13,160 
65 
160,000 
200,000 
40,000 
116,000 
40 days 
48 days§ 
52 days§ 
21 days 
28 days 
20 days 
4 days 
11 days§ 
30 days§ 
10 days§ 
7 days§ 
* Fal = Plasmodium falciparum; Viv = Plasmodium viva.x; Fm = Plasmodium 
fragile; Bra = Plasmodium brasilianum. 
t Parasites/",!. 
+ Days of detectable patent parasitemia. 
§ Treated while still parasitemic with chloroquine. 
nancymaae monkeys (Table I). Infections were initiated from 
infections in other species of Aotus monkeys or infections in 
rhesus monkey erythrocytes that had been stored frozen. Max-
imum parasite counts in 5 monkeys that had not been previ-
ously infected with Plasmodium sp. ranged from 80,000 to 
400,000I,.Ll. Animals that had been previously infected with P. 
vivax had lower maximum parasite counts ranging from 65 to 
156,000I,.Ll. The duration of parasitemia also appeared to be 
shorter in those anim~ls. previously infected. Those that were 
not previously infected had infections that persisted for over a 
month unless they were treated. 
There were 33 sporozoite-induced infections in A. nancy-
maae monkeys, 6 via bites and 27 by the intravenous injection 
of sporozoites dissected from the salivary glands (Table II). 
Prepatent periods ranged from 9 days (following the injection 
of 5 X 106 sporozoites into AI-2917) to 39 days (following the 
bites of 11 infected An. dirus mosquitoes on AI-2165). Twenty-
six of the animals had been previously infected with P. vivax, 
and this resulted in many of the maximum parasite counts being 
markedly lower than seen in the 7 monkeys without prior P. 
vivax infections (Table II). 
An examination of the parasite counts in several of the ani-
mals that were allowed to have extended courses of parasitemia 
indicated that there were recrudescences or relapses in their 
infections. It is impossible in a sporozoite-induced infection to 
differentiate the 2. To demonstrate relapse, the bloodstream in-
fection must be eliminated by chemotherapy sufficient to cure 
a blood-induced infection; this then allows parasites from the 
liver to initiate a new bloodstream infection. If, following a 
sporozoite-induced infection, no such reappearance of parasites 
occurs following treatment of the primary infection, it is termed 
to be a nonrelapsing parasite or strain. By this procedure, P. 
vivax, Plasmodium ovale, Plasmodium fieldi, Plasmodium sim-
iovale, and P. cynomolgi have been determined to be relapsing 
malaria parasites. Plasmodium vivax has been shown to relapse 
in humans, but has not been shown to relapse following the 
introduction of sporozoites into Aotus spp. monkeys. Plasmo-
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FIGURE 1. Course of parasitemia for Aotus nancymaae monkeys in-
fected via sporozoites with the Smithsonian (AI-2865 and AI-2682) and 
Cambodian (WR-0261) strains of Plasmodium cynomolgi. CH = chlo-
roquine; PR = primaquine. 
dium cynomolgi has the characteristics of relapse and recrudes-
cence in macaques; the present studies were designed to deter-
mine if this parasite would recrudesce and relapse in A. nan-
cymaae. The recrudescence or relapse is shown in Figure 1 for 
animals AI-2855 and AI-2682 that were infected via sporozo-
ites with the Smithsonian strain, and WR-0261 that was infected 
with the Cambodian strain of P. cynomolgi. Each of these an-
imals had a primary course of infection interrupted by a short 
Parasites/uL 
10,000 
1,000 
100 
10 
2,700 
AI-2696 7,740 
900 
CH 
PR 
o 10 20 30 40 50 60 70 80 90 100 110 
DAYS AFTER SPOROZOITE INOCULATION 
FIGURE 2. Course of parasitemia for Aotus nancymaae monkey AI-
2696 infected via sporozoites with the Berok strain of Plasmodium cy-
nomolgi. CH = chloroquine; PR = primaquine. 
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TABLE II. Vectors, inocula, prepatent periods, and maximum parasite counts in 33 Aotus nancymaae monkeys infected with sporazoites of 6 
different strains of Plasmodium cynomolgi. 
Maximum 
Parasite Previous Prepatent parasite 
Monkey strain Vector infection* Inoculum period countt Duration 
AO-0649 B Anopheles freeborni 2+ bites 19 days 49,535 17 days:j: 
AO-0648 B Anopheles maculatus 11 + bites 16 days 440,000 20 days:j: 
AI-3201 B Anopheles dirus Fal 50,000 IV 12 days 51,000 9 days:j: 
AI-3054 B An. dirus Fal, Viv 50,000 IV 12 days 64,000 9 days:j: 
AI-3049 B An. dirus Fal, Cyn, Viv 50,000 IV 12 days 14,000 9 days:j: 
AI-2872 B An. dirus Fal, Viv 50,000 IV 13 days 9,810 8 days:j: 
AI-3260 B An. dirus Fal, Viv 320,000 IV II days 9,180 13 days:j: 
AI-3261 B An. dirus Fal, Viv 320,000 IV 12 days 24,930 12 days:j: 
AI-3266 B An. dirus Fal, Viv 320,000 IV 13 days 20,160 13 days:j: 
AI-1784 Berak An. dirus Fal, Viv 5+ bites 22 days 56,000 29 days 
AI-2696 Berak An. dirus Fal, Viv 100,000 IV 28 days 2,700 110 days:j: 
AI-2917 Berok An. dirus Fal, Viv 5.0 X 106 IV 9 days 72,000 33 days 
WR-0261 Cambodian An. dirus Viv 3.3 X 106 IV 23 days 23,040 69 days 
AI-2165 Gombak An. dirus Fal, Viv 11 + bites 39 days 300 23 days:j: 
T-0456 Gombak An. dirus Viv, Fal 15+ bites 20 days 72,000 17 days 
AI-3049 Gombak An. dirus Fa1, Kno 36+ bites 15 days 59,000 32 days 
WR-0288 Gombak An. dirus Viv 130,000 IV 26 days 390 26 days 
AI-1772 Gombak An. dirus Fal, Viv 162,000 IV 25 days 4,680 31 days 
WR-0422 Gombak An. dirus 162,000 IV 44 days 98,280 19 days 
AI-3245 Rossan An. dirus Fal, Viv 250,000 IV :0;12 days 3,240 4 days:j:R 
AI-3247 Rossan An. dirus Fal 250,000 IV :0;12 days 19,080 4 days:j:R 
AI-3248 Rossan An. dirus Fal 500,000 IV :0;12 days 21,600 4 days:j:R 
AI-3250 Rossan An. dirus Fal, Viv 500,000 IV :0;12 days 13,410 4 days:j:R 
AI-3251 Rossan An. dirus Fal, Viv 500,000 IV :0;12 days 28,000 4 days:j:R 
AI-2793 Smithsonian Anopheles stephensi Fal, Viv 18,000 IV 15 days 2,700 53+ days 
AI-2807 Smithsonian An. stephensi Fal, Viv 18,000 IV 19 days 300 20 days 
AI-2804 Smithsonian An. stephensi Fal, Viv 18,000 IV 19 days 4,500 20 days 
AI-2869 Smithsonian Anopheles farauti Fal, Viv 70,000 IV 12 days 4,140 16 days 
AI-1793 Smithsonian An. stephensi Fal, Viv 90,000 IV 31 days 360 24 days:j: 
AI-2788 Smithsonian Anopheles gambiae Fal, Viv 100,000 IV 15 days 1,530 13 days 
AI-2865 Smithsonian An. gambiae .' Fal, Viv 100,000 IV 20 days 25,200 75 days:j: 
AI-2876 Smithsonian An. gambiae Fal, Viv 340,000 IV 12 days 7,470 19 days 
AI-2682 Smithsonian An. stephensi Fal, Viv 900,000 IV 17 days 810 78 days:j: 
* Fal = Plasmodium Jalciparum; Viv = Plasmodium vivax; Kno = Plasmodium knowlesi. 
t Parasites/I-'l. 
:j: Treated while still parasitemic with chloroquine and primaquine; R, Relapsed. 
period of subpatent parasitemia. Another animal, AI-2696 (Fig. 
2), which was infected with the Berok strain, had 3 peaks in 
the parasitemia. These secondary peaks of parasitemia could 
have resulted from recrudescence or relapse. 
To confirm relapse from latent hepatic tissue stages, sporo-
zoite-induced infections were treated with chloroquine soon af-
ter the appearance of asexual parasites during the primary ep-
isode. Relapse was demonstrated in 5 of 5 monkeys infected 
with the Rossan strain (Table II). After being treated with 30 
mg of chloroquine over 2 days, parasite counts were made 
weekly to determine relapse of infection by reappearance of 
asexual parasitemia. AI-3247 was positive for parasites again 5 
wk after treatment, AI-3245 at 7 and 15 wk, AI-3248 at 9 wk 
AI-3251 at IO and 15 wk, and AI-3250 at 14 wk. This is graph-
ically illustrated in Figure 3. Both primary infections and each 
of the relapse infections were treated with 30 mg of chloro-
quine, a dosage that had been shown to cure blood-induced 
infections with P. cynomolgi in New World monkeys. 
DISCUSSION 
Different strains of P. cynomolgi were readily transmitted via 
sporozoites to splenectomized A. nancymaae monkeys. Most of 
the animals had been previously infected with P. vivax and/or 
P. Jalciparum in vaccine-related studies. However, they still 
were susceptible to infection and, in some instances, supported 
relatively high density parasite counts as compared to the few 
animals that had not been previously infected. 
Thus far, we have reported the sporozoite transmission of 
numerous strains of P. vivax to New World Aotus and Saimiri 
monkeys on different occasions (Collins, Skinner, Broderson et 
aI., 1985; Collins et aI., 1988, 1994) and in none did we ob-
served relapse following treatment with chloroquine alone. This 
was surprising and biologically unexplainable. Recrudescence 
was common, but attempts to demonstrate relapse were unsuc-
cessful. The search continues for strains of P. vivax that will 
relapse in these hosts. Here, relapse of sporozoite-induced in-
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for the care of the animals. The findings and conclusions in this report 
are those of the authors and do not necessarily represent the views of 
the Centers for Disease Control and Prevention. 
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FIGURE 3. Pattern of relapse in 5 Aotus nancymaae monkeys fol-
lowing inoculation with sporozoites of the Rossan strain of Plasmodium 
cynomolgi and treatment with 30 mg of chloroquine. 
fections of the Rossan strain of P. cynomolgi was shown in 5 
of 5 animals within 15 wk after being given massive numbers 
of sporozoites intravenously and then being treated with 30 mg 
of chloroquine. This is the standard curative treatment for 
blood-induced infections of this parasite. In addition, exami-
nation of the course of parasitemia for several other strains 
(Figs. 1, 2) suggested that relapse may have occurred with other 
strains of this parasite species if observed after schizonticidal 
treatment was given. Certainly, further studies with the Rossan 
strain of the parasite may be useful in studying the mechanisms 
of relapse using A. nancymaae-infected hosts with different 
numbers of sporozoites. Tissue studies may reveal the abun-
dance and persistence of hypnozoites in hepatocytes. Mosquito 
infection has been obtained by feeding An. dirus on A. nancy-
maae monkeys infected with the Rossan strain of the parasite. 
Once standardized, it may be possible to test the efficacy of 
candidate radical curative drugs in a P. cynomolgi-A. nancy-
maae system as an alternative to using the larger P. cynomolgi-
M. mulatta monkey system. 
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IDENTIFICATION AND DESCRIPTION OF BUCEPHALUS MINIMUS 
(DIGENEA: BUCEPHALIDAE) LIFE CYCLE IN PORTUGAL: MORPHOLOGICAL, 
HISTOPATHOLOGICAL, AND MOLECULAR DATA 
Susana Pina, Teresa Barandela, Maria Jollo Santos*, Fernanda Russell-Pintot, and Pedro Rodrigues:j: 
Laboratory of Aquatic Zoology, ICBAS - Abel Salazar Institute for the Biomedical Sciences, University of Porto, Largo Prof. Abel Salazar, 2, 
4099-003, Porto, Portugal. e-mail: smpina@icbas.up.pt 
ABSTRACT: The cercaria of Bucephalus minimus infects the digestive gland and gonads of its first intermediate host, the edible 
cockle, Cerastoderma edule. Light microscopy (LM) and scanning electron microscopy (SEM) of the cercaria showed a tail 
formed by a central stem, with 2 long contractile arms presenting distinct morphological surfaces. The encysted metacercaria 
naturally infected the flathead grey mullet, Mugil cephalus. The cysts found in the heart, liver, and spleen were shown to be 
identical by the internal transcribed spac!!r (ITS I) sequence and morphological features and were associated with encapsulation, 
recruitment of cell infiltrates, and presence of melanomacrophages and adipose tissue. To establish the life cycle, we compared 
the ITSI sequence in an adult from the known definitive host, Dicentrarchus labrax; encysted metacercariae from the liver, heart, 
and spleen of M. cephalus; and a cercaria from C. edule. With this comparison, we determined that they had a 100% similarity. 
Therefore, the ITS 1 sequence data clearly indicate that these 3 parasitic stages belong to the same species, i.e., B. minimus. 
The Bucephalidae Poche, 1907, are digenetic trematodes 
found in the intestine of marine, brackish water, and freshwater 
fish. They differ from all other digeneans by the configuration 
of their digestive system and terminal genitalia and by the pres-
ence of an anterior rhynchus, for attachment, that is dissociated 
from the digestive system (Overstreet and Curran, 2002; Bott 
and Cribb, 2005). Although the taxonomy of the genus Bu-
cephalus Baer, 1827 has been debated for many years, it was 
recently recognized that the previous designations, i.e., Gaster-
ostomum minimum Stossich, 1887, Dolichoenterum lamirandi 
Carrere, 1937, Bucephalopsis minima (Stossich 1887), Labra-
trema lamirandi (Carrere 1937), and Labratrema minimus 
(Stossich 1887), were considered as synonyms of Bucephalus 
minimus (Stossich 1887). (Overstreet and Curran, 2002; Bartoli 
et aI., 2006), a designation that was used in this study. 
The B. minimus life cycle has been the object of several 
studies from which a number of different intermediate hosts 
have been reported. The life cycle starts with the infection of 
Cerastoderma edule (Malek, 2001; Baudrimont and de Mon-
taudouin, 2007) or Cerastoderma glaucum (Maillard, 1975, 
1976), which are bivalves known to be first intermediate hosts 
for the sporocysts and cercariae life stages. Cercariae emerge 
from the host and invade several fish species, such as Poma-
toschistus microps (Maillard, 1975, 1976; Faliex and Morand, 
1994; Malek, 2001), Pomatoschistus minutus (Faliex and Mor-
and, 1994; Malek, 2001), Pomatoschistus minimus (Faliex and 
Morand, 1994; Baudrimont and de Montaudouin, 2007), Ath-
erina boyeri (Faliex, 1991; Faliex and Morand, 1994), Liza 140-
mada (Maillard, 1975; Faliex, 1991; Faliex and Morand, 1994), 
and Sparus aurata (Faliex and Morand, 1994), which act as a 
second intermediate hosts for metacercariae. All authors are in 
agreement that the life cycle is complete when the definitive 
host, Dicentrarchus labrax, is infected by consuming the sec-
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ond intermediate host. Knowledge of the life cycle of buce-
phalid digeneans and the pathologies that they cause is very 
important, since these parasites infect molluscs and marine fish 
of great commercial value. 
The infaunal bivalve, C. edule, and the flathead grey mullet, 
Mugil cephalus, are common species off the European Atlantic 
coast, including the northwest and south coasts of Portugal. 
Cerastoderma edule and M. cephalus are known to be hosts for 
the larval stages of several digeneans (Merella and Garippa, 
2001; Russell-Pinto et aI., 2006; Baudrimont and de Montau-
douin, 2007). These species have considerable economic and 
social impact in Portugal, where they are extensively consumed 
by humans (Russell-Pinto, 1990; Muzavor et aI., 1993). 
Histological and morphological studies have focused on the 
bivalves (first intermediate hosts) (Cheng and Burton, 1965; 
Khamdan, 1998; da Silva et aI., 2002; Laruelle et aI., 2002). 
However, the pathology associated with the presence of meta- . 
cercariae in fish (second intermediate hosts) has received less 
attention. The metacercariae cysts develop in various internal 
organs and in the muscles of teleost fish in considerable num-
bers, causing internal damage, particularly in the liver, where 
the cysts may decrease organ size and function (Faliex, 1991; 
Faliex and Morand, 1994). 
The identification of digenean parasites is essential to enable 
the study and clarification of their complex life cycle. This iden-
tification, as well as the establishment of a link between the 
different larval stages, is extremely difficult when only mor-
phological characteristics are used. However, these problems 
may be overcome by employing molecular biology techniques. 
The nuclear ribosomal RNA genes, particularly the ITS, allow 
differentiation between closely related digeneans species and 
have been widely used to study the relationships between a 
number of parasitic flatworms (Blair et aI., 1996; Bartoli et aI., 
2000). 
The aim of the present study was to perform a detailed ex-
amination of the morphology of the different larval stages and 
the adult of B. minimus life cycle, using LM and SEM. In ad-
dition, positive identification of the cercaria and metacercaria 
larval stages and the adult of this species was investigated. We 
also used the ITS 1 sequence to establish an unequivocal cor-
respondence between the 3 life cycle stages. Finally, we his-
tologically analyzed the internal organs of M. cephalus to assess 
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In the heart, cysts of different sizes were frequently observed 
surrounded by a strong fibrous capsule, often with the presence 
of mononuclear cells. This suggests an inflammatory-like re-
action with recruitment of circulating mononuclear cells and 
fibroblasts from the surrounding cardiac tissue. The diversity in 
size of the cysts may indicate different stages of infection. 
In the liver, the metacercariae cysts had a thick wall com-
prising 3 layers. As previously reported (Faliex, 1990, 1991), 
the inner layer probably derives from the parasite and the mid-
dle and outer layers derive from the host. These 2 layers se-
quester the parasite against a possible inflammatory reaction of 
the host (Faliex, 1990). In the present study, the hepatic cysts 
were frequently observed in the vicinity of melanomacrophag-
es, suggesting an active tissue reaction against the parasite. 
Moreover, it was possible to observe melanomacrophages with-
in the metacercariae cysts, in direct contact with the parasite. 
In the spleen, the parasites were surrounded by melanoma-
crophages and adipose tissue. The spleens of teleost fish have 
melanomacrophage centers, known to be involved in the killing 
of microorganisms by different processes, but primarily by gen-
eration of oxygen-reactive species (Agius and Roberts, 2003). 
Thus, the involvement of the parasite by the splenic melano-
macrophages may constitute a host response to the parasitic 
infection. The underlying cause for the presence of adipose tis-
sue within the melanomacrophages centers is not clear; how-
ever, it is possible that this observation may be linked to the 
known generation of oxygen-reactive species by macrophages. 
The degeneration of metacercariae observed in all infected 
organs can be related to the action of the host cells against the 
parasite (Faliex, 1990). In the present study, the dense meta-
cercariae infection observed in flathead grey mullet organs does 
not seem to affect surrounding tissues. Occasionally, a severe 
infection can lead to the replacement of normal tissue by a 
compact mass of encysted metacercariae, leading to the death 
of the host (Maillard, 1976) and consequent ecorlomic losses 
given its commercial value. 
The specific characters observed for adult B. minimus include 
the rounded body shape, the presence of a sucker-like rynchus 
that is topped by a ring of 7 retractable tentacles, gonads situ-
ated behind, but at the same level of the digestive ceca, and 
localization of the adult in the host. These observations are in 
agreement with descriptions of the adult stage by Yamaguti 
(1958), Maillard (1976), and Overstreet and Curran (2002). A 
direct comparison between the measurements presented in Ta-
ble I and the morphometric data described by Maillard (1975) 
is difficult, due to the use of different fixation techniques. The 
level of prevalence observed for B. minimus (25%), even with 
the limitation of the number of sea bass surveyed in this study, 
taken together with findings reported by Santos (1998), where 
a prevalence of 38% at the Aveiro estuary was registered, in-
dicates that this species is common along the northern Portugal 
coast line. 
Molecular methods based on DNA sequencing offer a new 
tool for larval stage identification (Jousson et al., 1998) and 
clarification of digenean life cycles (Bartoli et al., 2000; Jous-
son and Bartoli, 2000), overcoming the limitations of the mor-
phological approach. In the present study, the ITS1 sequence 
of ribosomal DNA was used to identify the cercaria, metacer-
caria, and adult B. minimus, in order to clarify its life cycle. 
With this molecular method, it was possible to establish an un-
equivocal link between B. minimus cercariae; the isolated cysts 
from liver, heart, and spleen of M. cephalus; and the adults 
collected from the middle intestine of D. labrax. The fact that 
the encysted metacercaria of B. minimus was found in M. ceph-
alus is not surprising, since the flathead grey mullet is known 
to be a second intermediate host for a number of digenean par-
asites (Merella and Garippa, 2001). The high similarity (91 %) 
found between the ITS 1 sequence of B. minimus presented in 
this study and the partial ITS 1 sequence of B. polymorphus 
available in GenBank is expected, since both digenean parasites 
belong to the Buchephalidae and to Bucephalus. 
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ORAL TRANSMISSION OF TRYPANOSOMA CRUZI WITH OPPOSING EVIDENCE FOR THE 
THEORY OF CARNIVORY 
Dawn M. Roellig*§, Angela E. Ellist, and Michael J. Yabsley*:j: 
Department of Infectious Diseases. College of Veterinary Medicine, University of Georgia, Athens, Georgia 30602. e-mail: droellig@uga.edu 
ABSTRACT: We present the first demonstration of oral transmission of Trypanosoma cruzi to raccoons (Procyon lotor), a natural 
reservoir host in the United States, by ingestion of trypomastigotes and infected bugs, but not infected tissue. To investigate an 
alternative, non-vector-based transmission method, we tested the hypothesis that raccoons scavenging on infected hosts results 
in patent infection. Macerated tissue from selected organs infected with amastigote stages of T. cruzi was orally administered to 
experimental groups of raccoons (n = 2/group) at 2, 12, or 24 hr after collection of the tissue samples. Additionally, raccoons 
(n = 1) in control groups were inoculated intravenously or per os with trypomastigotes. To further elucidate transmission routes 
of T. cruzi to raccoons, infected Rhodnius prolixus were fed to raccoons (n = 2). Raccoons did not become infected after 
ingestion of amastigote-infected tissues as evidenced by negative polymerase chain reaction results from blood and tissue, lack 
of seroconversion, and negative parasitemlas. However, per os transmission can occur by ingestion of the infective trypomastigote 
stage or infected reduviid bugs. We conclude from these findings that oral transmission of T. cruzi may be a route of infection 
for wildlife in sylvatic cycles, but the scavenging behavior of animals is not likely a significant transmission route. 
Trypanosoma cruzi, a hemoflagellate protozoan parasite, has 
a complex life cycle that includes both domiciliary and sylvatic 
cycles. Reservoir hosts for the etiologic agent of Chagas' dis-
ease include a range of wild mammals in endemic regions of 
the Americas. In the United States, there have been few docu-
mented human cases, but the prevalence of T. cruzi in U.S. 
wildlife based on serology, culture isolation, and/or polymerase 
chain reaction (PCR) can be equally as high as in South Amer-
ica (Barr et aI., 1991). Studies conducted in the southeastern 
United States indicate that raccoons (Procyon lotor) and Vir-
ginia opossums (Didelphis virginiana) have the highest preva-
lence of T. cruzi compared with other mammals. 
Classic transmission of infective trypomastigotes from the 
vector (triatomine bugs) to mammals requires invasion of the 
oral, nasal, or ocular ~ucosa, or invasion through an abrasion 
or cut in the dermis near the bug defecation site. Many have 
proposed alternative modes of transmission of T. crJlzi in wild-
life species because of inconsistent use of dens by animals and 
the-apparent low density of vectors in dens (Jansen et aI., 1994). 
Experimental per os infection trials in Virginia opossums 
(Yeager, 1971) and striped skunks (Mephitis mephitis) (Davis 
et aI., 1980) have implied direct oral transmission as the pre-
sumptive natural route with the ingestion of infected triatomid 
bugs or oral lavage with infected intestinal contents, respec-
tively. Conversely, microcosm experiments have demonstrated 
that opossums rarely, if ever, prey on infected bugs in simulated 
dens, but nonetheless acquire T. cruzi (Schweigmann et al., 
1995). 
In addition to the ingestion of vectors, numerous claims have 
been made regarding the importance of carnivory in mainte-
nance of the sylvatic cycle (see Miles, 2004; Coura, 2006; Dias, 
2006). However, no experimental data in natural reservoirs have 
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been produced to support or refute such assertions. The objec-
tive of the current study was to elucidate the natural transmis-
sion for wildlife reservoir hosts and to determine the role of 
carnivory in T. cruzi transmission by simulating natural eating 
habits of raccoons. We hypothesized that the ingestion of amas-
tigote-infected tissues would produce a detectable T. cruzi in-
fection, which would be identified by seroconversion, devel-
opment of a patent parasitemia, histologic detection of amasti-
gotes, and amplification of T. cruzi DNA from blood and tis-
sues. Additionally, raccoons were expected to develop patent 
infections after ingestion of infected triatomine bugs and food 
contaminated with culture-derived trypomastigotes. 
MATERIALS AND METHODS 
Inoculation material 
Trypanosoma cruzi isolated from a raccoon trapped in Torreya State 
Park, Florida, in 2005 (FL RAC 9) was used as the inoculation source 
in the experiments. This isolate was previously shown to be a type IIa, 
which is the group most often associated with raccoon infections (Roel-
lig et al., 2008). The original isolate was stored in liquid nitrogen before 
culture in liver-infusion tryptose (LIT) medium at the commencement 
of this study. Epimastigotes were passaged from LIT medium into 
DH82 canine macrophage monolayers at 1:5 dilutions to yield the cul-
ture-derived-trypomastigotes. Trypomastigotes were pelleted from cul-
ture by centrifugation at 1,620 g for 15 min and resuspended in mini-
mum essential medium (MEM). Amastigote-containing tissue was ob-
tained from parasitemic, juvenile raccoons (n = 2) 18 days after intra-
venous (i.v.) inoculation with 1 X 106 culture-derived trypomastigotes. 
Heart, spleen, quadriceps muscle, diaphragm, urinary bladder, and liver 
were collected at necropsy, pooled, and coarsely ground using a tissue 
grinder. Trypanosoma cruzi infection of tissues was confirmed by PCR 
of individual and ground tissue and observation of pseudocysts in he-
matoxylin- and eosin-stained sections of heart tissue (data not shown). 
Laboratory-reared Rhodnius prolixus nymphs (fourth and fifth instars) 
(n = 6) were fed until repletion on T. cruzi-infected raccoons (n = 2) 
with detectable parasitemias and allowed to digest the blood meal for 
19 days. . 
Animals and experimental design 
Eleven juvenile raccoons obtained from Ruby Fur Farm, Inc. (New 
Sharon, Iowa) were housed individually or in pairs in climate-controlled 
animal housing at the College of Veterinary Medicine, University of 
Georgia (Athens, Georgia); they were given food and water ad libitum, 
except food was withheld for 24 hr pre-exposure. All animals used in 
this study were maintained in accordance with the guidelines of the 
Institutional Animal Care and use Committee and under animal use 
protocol approved by the Institutional Animal Care and Use Committee 
at the University of Georgia. Before use, all raccoons were determined 
to be negative for antibodies reactive with T. cruzi (as described below). 
Animals were separated into 6 experimental groups. Group 1 (n = 
I) served as a positive control for parasite infectivity and was inoculated 
i.v. with 1 X 106 culture-derived trypomastigotes. Individuals in group 
2, 3, or 4 (n = 2) ingested approximately 33.3 g of pooled amastigote-
infected tissue that was held at room temperature for 2, 12, or 24 hr 
post-mortem, respectively. Group 5 raccoons (n = 2) each ingested 3 
R. prolixus nymphs shedding metacyclic trypomastigotes in feces as 
determined by light microscopy. Group 6 (n = 1) was inoculated per 
os (p.o.) by feeding I X 106 culture-derived trypomastigotes mixed with 
commercial canned cat food. Two negative control raccoons were in-
oculated i.v. with equivalent volumes of media as group 1. 
All animals were anesthetized with an intramuscular injection of a 
mixture of 20 mg/kg ketamine (Fort Dodge Laboratories, Inc., Fort 
Dodge, Iowa) and 4 mg/kg xylazine (Mobay Corporation, Shawnee, 
Kansas) for handling and blood collection. Blood samples were asep-
tically collected from the jugular vein into ethylenediaminetetraacetic 
acid (EDTA) tubes every 7 days post-inoculation (DPI) until being 
killed. The raccoon in group 1 was killed at 28 DPI, group 5 at 35 DPI, 
and all others at 42 DPI. Animals were humanely killed under anesthe-
sia by exsanguination and intracardiac injection of sodium pentobarbital 
(l mg/kg; Butler Company, Columbus, Ohio). 
Direct and molecular detection of T. cruz; 
Parasitemias were determined by examining 5 fLl of whole blood 
under an 18-mm cover glass at X400 magnification with a compound 
microscope. The entire volume of blood was scanned and the number 
of counted parasites converted to parasites per milliliter. 
DNA was extracted from 100 fLl of whole blood using the DNeasy 
blood and tissue kit (QIAGEN, Valencia, California) following the man-
ufacturer's protocol. Extracted DNA was used as template in PCR am-
plification of D7 divergent domain of the 24Sa rDNA gene using a 
modified nested reaction with primers D75 and D76 (Briones et aI., 
1999) in the primary reaction and primers D71 and D72 in a secondary 
reaction (Souto et aI., 1996). Total volume of each reaction mixture was 
25 fLl and contained 5x buffer, 2 fLM of each dNTp, 1 fLM of each 
primer, 2.5 mM MgCl;', and 1.25 U of GoTaq Taq polymerase (Pro-
mega, Madison, Wisconsin). The temperature and cycling profile were 
described previously (Souto et aI., 1996). Stringent protocols and con-
trols were used in all PCR assays to prevent and to detect contamina-
tion. DNA extraction, amplification, and product analysis were per-
formed in separate dedicated laboratory areas. A negative water control 
was included in each set of extractions and PCR reactions as contam-
ination controls. The l20-bp amplicons were visualized on an ethidium 
bromide-stained 1.5% agarose gel by transillumination. 
After death, raccoons were necropsied and representative samples of 
major organs (retropharyngeallymph nodes, skeletal muscle [diaphragm 
and quadriceps], heart, lungs, liver, spleen, gastrointestinal tract, pan-
creas, kidney, adrenal glands, reproductive organs, urinary bladder, 
quadriceps muscle, and brain) were collected. One portion of each sam-
ple was preserved in 10% neutral buffered formalin for histologic ex-
amination, and the remaining portion was stored at -20 C until PCR 
analysis. Frozen tissues were thawed, and 1, 25-mg section of each was 
aseptically excised. DNA was isolated from tissue using the DNeasy 
blood and tissue kit (QIAGEN) following the manufacturer's protocol 
with a 24-hr tissue Iysation step. 
Serology 
Indirect immunofluorescent antibody assay was performed as de-
scribed previously (Yabsley et aI., 2004) with plasma at a 1:40 dilution. 
Briefly, epimastigotes were fixed to serology slides (Fisher Scientific, 
Rome, Georgia) by air drying and fixation in an acetone wash for 2 
min. Diluted serum samples and positive and negative controls were 
added to respective wells and incubated for approximately 25 min. Two, 
5-min washes with I X phosphate-buffered saline (PBS) and a 5-min 
distilled water wash were performed, and the slides were dried. Diluted 
fluorescein isothiocyanate-Iabeled goat anti-raccoon antibodies (Kirke-
gaard and Perry Laboratories, Gaithersburg, Maryland; 1 :50) were add-
ed to slides and incubated for approximately 25 min. Two, 5 min PBS 
washes were performed and were counterstained using a final wash of 
1.65% Eriochrome black in distilled water. 
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Hemoculture 
At the time of death, hemoculture in DH82 macrophages (Yabsley et 
aI., 2004; Hall et aI., 2007) was carried out with 1 ml of EDTA-anti-
coagulated whole blood and checked daily for the presence of trypo-
mastigotes. Briefly, in a 50-ml tube, approximately 35 ml of ACE lysing 
buffer was added to blood, gently inverted for 5 min, and centrifuged 
at 1,620 g for 10 min. The supernatant was discarded, and the procedure 
was repeated. The buffy coat pellet was resuspended in 5 ml of MEM 
and added to a confluent monolayer of DH82 cells. 
Histopathology 
Formalin-fixed tissues were embedded in paraffin, sectioned, and 
stained with hematoxylin and eosin by standard methods. Inflammation 
was blindly scored based on the number of foci detected per fields 
viewed and compared with negative control tissues. These scores were 
then evaluated and assigned to 1 of 4 categories, i.e., very mild, mild, 
moderate, and severe inflammation. Presence of other histologic lesions 
and pseudocysts was also noted. 
RESULTS 
Patent infections were only detected in i.v.-inoculated (group 
I), bug-fed (group 5), and p.o.-inoculated (group 6) raccoons. 
Parasitemias were first detected in i.v.-inoculated raccoons, fol-
lowed by bug-fed and then p.o.-inoculated raccoons (Fig. I). 
None of the negative control raccoons or raccoons that ingested 
amastigote-infected tissue developed parasitemias. 
Trypanosoma cruzi DNA was amplified from raccoons in 
groups 1 (i.v.), 5 (bug), and 6 (p.o.); no T. cruzi DNA was 
detected by peR in tissue-fed raccoons. The i.v.-inoculated rac-
coon was PeR-positive on day 7 post-inoculation (PI) and ev-
ery bleed date thereafter. Interestingly, the first detection of T. 
cruzi DNA in the p.o.-inoculated and bug-fed individuals was 
I wk later, at 14 days PI; animals remained PeR-positive 
through the completion of the study. The amplified product in 
all cases was 120 bp, consistent with the lineage typing of the 
inoculation strain (FL RAe 9) (Roellig et aI., 2008). On the 
last day of the experiment, for those animals that were parasi-
temic (groups 1, 5, and 6), T. cruzi DNA was amplified from 
all tissues collected. Trypanosoma cruzi DNA was not ampli-
fied from the blood or tissues of any raccoon that ingested T. 
cruzi-infected tissues. 
Similar to the parasitemia results, seroconversion to T. cruzi 
only occurred in i.v.-inoculated, p.o.-inoculated, and bug-fed 
groups. The intravenously inoculated raccoon seroconverted 
sooner (7 days PI) than those that ingested infected bugs (21 
days PI) or trypomastigote contaminated food (28 days PI). 
After 8 wk, cultures from tissue-fed animals (groups 2-4) 
were considered negative for T. cruzi. Hemoculture was not 
performed for bug-fed animals, which were parasitemic at the 
time of their death, but i.v.- and p.o.-inoculated groups were 
positive by hemoculture, confirming patent infections detected 
by other methods. 
No major histologic lesions were noted other than varying 
levels of inflammation and pseudo cysts in individuals that were 
successfully infected with T. cruzi (Table I). The i.v.- and p.o.-
inoculated raccoons had greater levels of inflammation than the 
bug-fed raccoons, and tissue-fed raccoons had no appreciable 
inflammation. 
DISCUSSION 
Although different transmission routes for T. cruzi have been 
identified experimentally, the mechanism by which wildlife res-
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FIGURE 1. Parasitemias of raccoons experimentally infected with Trypanosoma cruzi via different inoculation methods. Inoculation methods 
were as follows: group I intravenously with I X 106 culture-derived trypomastigotes; groups 2, 3, and 4 per os with 33.3 g of amastigote-infected 
tissue at 2, 12, and 24 hr post-mortem, respectively; group 5 per os with 3 infected R. prolixis fourth or fifth instar nymphs; and group 6 per os 
with I X 106 culture-derived trypomastigotes. Black arrows indicate day on which animals were euthanized. 
ervoirs predominately become infected with T. crUZI 1ll the 
United States is unknown. Classic stercorarian vector transmis-
sion is unlikely because the 2 main reservoirs, raccoons and 
opossums, rarely use permanent dens, and competent vectors 
are rarely found in, or near, temporary dens (Walton et aI., 
1958); some species of native vectors, such as Triatoma san-
guisuga, have delayed defecation times after the acquisition of 
a bloodmeal (Zeled6n, 1974). Vertical, or transplacental, trans-
mission has been demonstrated in rodent models (Andrade, 
1982; Moreno et aI., 2003) and naturally in humans (Hoff et 
aI., 1978; Munos et aI., 2007), but similar experiments have not 
been performed with raccoons. Infective trypomastigote stages 
in breast milk have also been reported in rodent models (Miles, 
1972), but experimental infection studies in rodents (Mazza et 
aI., 1936) and opossums (Jansen et aI., 1994) disprove this as 
a route of transmission. Oral, or intragastric, transmission has 
been responsible for numerous outbreaks in humans, particu-
larly when associated with ingesting vector-contaminated juices 
(Ianni and Mady, 2005). Additionally, researchers have hypoth-
esized this as a mode of transmission in wildlife reservoirs 
TABLE 1. Inflammatory lesions of tissues in raccoons experimentally infected with Trypanosoma cruzi via different routes. Inoculation methods 
were as follows: group 1 intravenously (i.v.) with 1 X 106 culture-derived trypomastigotes; groups 2, 3, and 4 per os (p.o.) with 33.3 g of 
amastigote-infected tissue at 2, 12, and 24 hr post-mortem, respectively; group 5 p.o. with 3 infected R. prolixis fourth or fifth instar nymphs; 
and group 6 p.o. with I X 10" culture-derived trypomastigotes. 
Tissue 
Skeletal Adrenal Sex 
Animal LN* muscle Heart Lung Liver Spleen GI* Pancreas gland Kidney Bladder organ Brain 
Group I (Lv.) 
RACA Vm* S*t St S Mo* Vm Vm M*t Mt Vm M M M 
Group 2 (2 hr) 
RAC B Vm Ym Vm Vm Vm Vm Vm Vm Vm Vm Vm Vm Vm 
RACC Vm Vm Vm Vm Vm Vm Vm Vm Vm Vm Vm Vm Vm 
Group 3 (12 hr) 
RACD Vm Vm Vm Ym Ym Vm Vm Vm Vm Vm Ym Ym Vm 
RAC E Vm Vm Vm Vm Ym Vm Vm Vm Vm Vm Vm Vm Vm 
Group 4 (24 hr) 
RACF Vm Vm Vm Vm Ym Ym Vm Vm Vm Vm Vm Vm Yin 
RACG Vm Vm Vm Vm Vm Vm Vm Vm Vm Vm Vm Vm Ym 
Group 5 (bug) 
RACH Vm M Mo Vm S Vm Vm Vm Vm Vm Mo Vm Vm 
RAC I Ym M Mot Vm S Vm Vm Vm Vm Vm Vm Vm Vm 
Group 6 (p.o. control) 
RAC J Vm Mo M Ym Mo Vmt Vm Vm S M Vm M Vm 
* LN, lymph node; Gr, gastrointestinal tract; Vm, very mild; M, mild; Mo, moderate; S, severe. 
t Pseudocyst(s) found within tissue sample. 
(Yaeger, 1971; Miles et aI., 2004; Coura, 2006; Dias, 2006), 
including via the ingestion of infected bugs and other animals. 
In previous intragastric inoculation studies with mice, re-
searchers found that T. cruzi trypomastigotes are able to pen-
etrate the gastric mucosa and establish infection; this process 
was dependent on the expression of surface proteins gp90 and 
gp82 (Cortez et aI., 2006; Covarrubias et ai., 2007). When in-
gested, metacyclic trypomastigotes found in the feces of tria-
tomes were able to produce detectable parasitemias prior to day 
20 PI (Covarrubias et ai., 2007) and were more infective than 
blood-form trypomastigotes (Calvo Mendez et ai., 1992). Be-
cause a patent infection occurred after oral ingestion of our 
culture-derived trypomastigotes, we believy the parasites were 
more similar to bloodstream forms, and our results may simu-
late the indirect consequences of mesomammal carnivory by 
ingesting highly parasitemic, infected blood. 
The oral transmission of T. cruzi via ingestion of tissues has 
only been presented in the literature once, but with a nonres-
ervoir species, in which Phyllostomus sp. (bats) became infect-
ed after ingesting T. cruzi-infected mice (Thomas et ai., 2007). 
Our findings, however, suggest that raccoons, a major wildlife 
reservoir in the United States, do not become readily infected 
after consuming infected tissues. Discrepancies between our 
findings and those of Thomas et aI. (2007) may be explained 
by the ingestion of bloodstream trypomastigotes. In the previ-
ous study, the bats may have become infected because the mice 
were highly parasitemic; in the present study, raccoons were 
also fed tissue from parasitemic animals. However, less infec-
tive forms may have been present in this "inoculum" because 
the killed animals were exsanguinated at the time of death and 
remaining trypomastigotes may have died after the animals' 
death and clotting of'remaining blood. Feeding of tissues from 
these animals more readily mimics natural exposure, i.e., scav-
enging of carcasses by wildlife, where the blood, of deceased 
animals has clotted. Based on our results, carnivory does not 
seem to be a major contributor to the high prevalence of infec-
tions seen in wildlife. 
As has been demonstrated with opossums and striped skunks 
(Yaeger, 1971; Davis et ai., 1980), raccoons develop patent in-
fections upon ingestion of infected bugs. The metacyclic trypo-
mastigotes are able to withstand the acidic gastric environment 
and penetrate the gut mucosa to establish an infection. These 
findings parallel the human cases of T. cruzi resultant from 
ingesting vector parts in food or drink (Shikanai-Yasuda et aI., 
1991; Ianni and Mady, 2005), because in all cases the infective 
stage, metacyclics, are ingested. Together, these data suggest 
that consumption of bugs by raccoons and opossums (both om-
nivorous), is the major transmission route for T. cruzi in the 
United States because alternative transmission routes such as 
stercorarian vector transmission and ingestion of infected tis-
sues seem to be insignificant. 
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OLD PARASITES FOR A NEW WORLD: THE FUTURE OF 
PALEOPARASITOLOGICAL RESEARCH. A REVIEW 
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ABSTRACT: Paleoparasitological research has made important contributions to our understanding of parasite evolution and ecology 
since the 1960s. Since then, most studies have focused on paleoparasitological evidence from single sites or samples. With the 
development of high throughput sequencing techniques, new avenues of investigation for paleoparasitological material are opening 
up. Here, I provide an overview of recent developments and highlight how these results will broaden the scope of the field, 
placing paleoparasitology at the interface of a wide array of studies, including parasitology, climate change, human evolution, 
and evolutionary processes. 
Parasites are as old as life itself. Although frequently char-
acterized as a "dead end" of evolution, parasite life strategies 
have nevertheless been exceptionally successful. Parasites have 
penetrated every niche, endured every change, and adapted to 
every challenge, Speaking to the antiquity and success of par-
asitism, most parasite fossils exhibit a striking morphological 
resemblance to their extant relatives, showing little adjustment 
in body plans, Quite often, the only indication of their presence 
are the traces they leave, such as eggs in feces, tracks in tissue, 
or nits on hair, Occasionally, these less appreciated remnants of 
existence are preserved through time, and it is here where pa-
leoparasitology starts, 
Post-mortem preservation of parasites or their developmental 
stages is rare (Bouchet et aI., 2003). Indeed, soft-bodied en-
doparasites are very much unlikely to be conserved. Further-
more, parasites tend to occupy niches on/in their hosts that do 
not lend themselves to frequent preservation, i.e" fur, feathers, 
digestive tract, soft tissue. Consequently, parasites are certainly 
underrepresented in the fossil record, which poses a continuous 
problem for the calibration of divergence time studies on par-
asite phylogenies. The occasional evidence of fossil parasites 
mainly concerns arthropods (Poinar and Poinar, 2007). 
It is rare to find preserved parasites that are still directly 
associated to an equally preserved host, i.e., mummy, and by 
far the most frequent evidence for parasitism throughout time 
can be found in trace material, specifically, coprolites. Copro-
lites (Buckland, 1829) are dung in varying stages of conser-
vation. Depending on age and preserving conditions, coprolites 
may be completely fossilized (e,g., from dinosaurs), or frozen 
(e.g" in permafrost), or dried (e,g., from the Atacama Desert). 
Sub-categories of coprolites include latrine sediments and ani-
mal middens. Parasitological evidence that may be gleaned 
from the analysis of such materials mainly concerns the eggs 
of endoparasites and, occasionally, their larvae and/or adults 
(Home, 1985; Reinhard et aI., 1988; Aspock et aI., 1999; 
Bouchet et aI., 1999; Bathurst, 2005), Ectoparasites have been 
preserved with much less frequency, and only few records exist 
(Araujo et aI., 2000; Dittmar, 2000; Dittmar et aI., 2003; John-
son et aI., 2008; Fig, 1). 
Paleo parasitological research is very interdisciplinary at its 
core and works at the interface of paleontology, archaeology, 
anthropology, ecology, evolution, medical sciences, epidemi-
ology, and-of course-parasitology. Parasite remains pre-
served through time provide direct evidence regarding parasitic 
Received 2 May 2008; revised 4 August 2008; accepted 6 August 
2008. 
365 
diseases, parasite evolution, and animal and human migrations. 
They also may inform us, indirectly as an interpretive tool, with 
respect to human eating and sanitation habits and cultural and! 
or climatic changes. Recent technological developments are 
poised to significantly advance the field of paleoparasitology 
and are the subject of this review. Additionally, I will give a 
synthesis on potential future directions for the field, I deliber-
ately refrain from including history, materials, or taphonomy in 
paleoparasitology, as these topics have been treated extensively 
in previous publications (Confalonieri et aI., 1985, 1988; Rein-
hard, 1992; Kohn and Wayne, 1997; Bouchet et aI., 2003; Gon-
c;:alves et aI., 2003; Reinhard and Bryant, 2008). 
PALEOPARASITOLOGICAL METHODS TODAY 
Insights into the presence and composition of parasite faunas 
through time can be obtained by either relying on direct spec-
imen evidence from fossil or archaeological material or by iden-
tifying or sequencing of parasite DNA. Direct evidence meth-
ods prevailed in the early days of paleoparasitology (Fig. 2) 
and were advanced by the development of coprolite rehydration 
techniques (Callen and Cameron, 1960) and the modification 
and refinement of regular diagnostic parasitological techniques 
for paleoparasitological purposes (Araujo, 1988; Reinhard et 
aI., 1988; Reinhard, 1992). However, issues regarding taxonom-
ic resolution often limit the results of these techniques, since 
many parasite eggs cannot be identified beyond the genus or 
species levels. A first departure from traditional parasitological 
approaches, i.e., sedimentation methods, included the applica-
tion of immunological techniques (ELISA) with the purpose of 
detecting parasite antigens in mummy remains from Egypt in 
order to verify the presence of Schistosoma spp. (Deelder et aI., 
1990). Recently, Mitchell et al. (2008) used these approaches 
to confirm the occurrence of dysentery in 2 medieval latrine 
deposits in Israel. 
Ancient DNA (aDNA) is post-mortem preserved genetic in-
formation and, in the past 2. decades, aDNA research has in-
spired the use and development of sequence-based methods in 
paleoparasitology. However, aDNA is especially subject to deg-
radation (especially nuclear aDNA) and contamination; there-
fore, PCR and sequencing results should be subjected to well-
established criteria of authenticity, which are provided else-
where (Austin et aI., 1997; Yang, 1997; Wayne et aI., 1999; 
Cooper and Poinar, 2000; Paabo et aI., 2004; Willerslev and 
Cooper, 2005). Currently, aDNA evidence exists for a variety 
of parasites. Studies on 9,000-yr-old Chilean mummies revealed 
the presence of protozoan Trypanosoma cruzi kinetoplastid 
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aI., 2005; Montenegro et aI., 2006; Araujo et aI., 2008). In par-
ticular, these studies support the idea that in some cases, the 
Arctic environment may have acted as a barrier to certain Old 
World diseases (Dillehay, 1991). For ectoparasites, Raoult et aI. 
(2008) used historic louse DNA from Peruvian mummies to 
prove the pre-Columbian exchange of head lice phylotypes. 
These results also lend support to the idea that body lice were 
present in the New World before European contact, thus renew-
ing the discussion about the direction of Rickettsia prowazekii 
(louse borne typhus) dispersal (Medina-Sanchez et aI., 2005; 
Raoult et aI., 2006). Studies on human samples included DNA 
from early Europeans to elucidate the ancestry of modem Eu-
ropeans (Haak et aI., 2005). Haplotype studies showed that the 
current European genetic stock likely derives from Paleolithic 
hunter-gatherers, who were present in the area some 40,000 yr 
ago. 
PALEOPARASITOLGICAL POPULATION GENETICS 
Genetic evidence from paleoparasitological samples can pro-
vide insight to the allelic diversity of parasite populations over 
time. This is of particular interest in the context of coalescent 
approaches, which seek to retrospectively trace extant alleles to 
their most common recent ancestors (MCRA) through time (Ed-
wards and Beerli, 2000) and thus gain an understanding of ge-
nealogical and population history, including events of hybrid-
ization or introgression. Time points of coalescence are esti-
mated from the extant data, and having a dated sampling point 
from a potentially extinct allelic type (from the paleoparasito-
logical sample) will likely improve the accuracy of the model. 
However, closely related species (populations) will often have 
shallow coalescence ,times, and thus many alleles will be im-
possible to distinguish between species, i.e., Neanderthal versus 
modem humans (Knapp et aI., 2008). Therefore, there will be 
limitations to this type of study, depending on the ability to find 
and amplify the right markers. However, preliminary studies by 
Loreille and Bouchet (2003) on Ascaris sp. eggs from a 14th 
century latrine in Belgium pointed out the potential of paleo-
genetics in assessing patterns and times of speciation, hybrid-
ization, and introgression between Ascaris suum and Ascaris 
lumbricoides. 
Similar population studies have already been carried out on 
human material. For instance, Burger et aI. (2007) studied 2 
nuclear loci for lactase persistence from 10 Neolithic, Meso-
lithic, and medieval individuals. Lactase is necessary to digest 
milk sugar lactose and, in most mammals, this ability is lost 
after weaning. Only the medieval individuals showed the re-
quired heterozygosity for lactase persistence. Therefore, it is 
possible that this trait was only gained through strong positive 
selection during the last 8,000 yr of human persistence. Crucial 
to this type of study is the comparative combination of extant 
and ancient (or historical) samples from the same geographical 
area. This provides for a comprehensive diachronical observa-
tion and, in the case of paleoparasitological studies, may also 
allow for the assessment of recent host switches. 
ANCIENT PARASITES AND ANIMAL DOMESTICATION 
Another area where ancient parasite DNA is promising con-
cerns the study of animal domestication, or, in a broader sense, 
the cultural association of some animals and humans, i.e., rats 
and mice. Domestication not only increases the number of 
available hosts in a defined habitat but has also fostered the 
contact of animal parasites with human hosts, and vice versa 
(Araujo et aI., 2000; Cox, 2002; Kloos and David, 2002). Thus, 
it provides parasites with a relatively stable number of readily 
available hosts and extends the potential of acquiring new hosts. 
Familiar examples for this phenomenon are the many secondary 
human parasites, which are in fact primary parasites of other 
animal hosts, i.e., Trichinella spp. (primarily found in rats and 
pigs), T. cruzi (sylvatic and domesticated mammals), Balantid-
ium spp. (pigs), and P. irritans (guinea pigs). 
Many domesticated animals are known as the source of par-
asitic (zoonotic) diseases in humans. However, as is the case 
with taeniasis, genetic evidence from extant samples suggests 
the acquisition by human ancestors before the domestication of 
the respective ungulate hosts (Hoberg et aI., 2001). Therefore, 
paleoparasitological evidence can be informative on multiple 
fronts. First, it can help to identify common zoonoses in animal 
and human samples by microscopic parasitological diagnostics, 
or genetic sampling. Second, in most cases, the paleoparasito-
logical sample can be dated, i.e., in the context of other evi-
dence. Thus, it provides a time point that can be used in cali-
brating molecular dating efforts, which is particularly valuable 
because of the persistent lack of parasite fossils. Subsequently, 
this should aid in the determination of the original host and the 
direction of host switches. 
PALEOPARASITOLOGY ON THE BIOSYSTEMS LEVEL 
The evolutionary fate of each organism is shaped by recip-
rocal interactions with its surroundings. Thus, through time, ev-
ery organism undergoes ecological and evolutionary changes 
across space. Without having the opportunity to sample the past, 
we can only estimate the dynamics of these changes by ob-
serving the present patterns of genetic diversity, geographical 
distribution, or ecological parameters. Paleoparasitological ev-
idence has the power to provide access to additional informa-
tion in time and space, thus facilitating the understanding of 
parasite dynamics in biological networks. 
Specifically, it can have implications for our understanding 
of the influence of present global warming on the transmission 
of parasitic diseases. Because most parasites require certain 
conditions for their successful development, fluctuation in tem-
peratures may permit or drive parasites to migrate and colonize 
areas other than their extant distribution. Combining paleopar-
asitological and paleoclimate data with information regarding 
extant climate and parasite distribution could, therefore, lead to 
a better long-term predictive power regarding the parasitologi-
cal consequences of climate change on local and global scales. 
For instance, Lima et aI. (2008) recently found DNA pertaining 
to the T. cruzi I genotype in a 4,500- to 7,000-yr-old human 
mummy from the Perua9u Valley in Brazil. This genotype is 
currently absent from the area, and it indicates the recent emer-
gence of a new epidemiological profile, possibly due to shifts 
in host availability, which may (according to the authors) be 
linked to deforestation and microclimate changes. 
Additionally, most paleoparasitological samples also contain 
remnants or DNA sequences of plants, invertebrates, or verte-
brates, thus allowing us to directly link parasite data to other 
fauna and flora on spatial and temporal levels (Nielsen et al. 
2000). Connecting these useful glimpses between the past and 
the present is important, since it can provide clues to a variety 
of processes, i.e., alternative transmission cycles, coevolution, 
feedback relationships between diet and infestation levels, or 
impact of human activity on infestation cycles. 
THE CHALLENGES 
Despite initial skepticism and technical challenges, paleopar-
asitology has gained a firm standing as an independent and 
unique discipline, which has opened up a vast field of research. 
However, with this enormous opportunity also come challenges. 
As with any analyses involving post-mortem. preserved aDNA, 
contamination is an issue. This is not only a problem for work-
ing with Neanderthal DNA (and contamination of recent human 
origin), but also for paleoparasitological samples. If a site is 
continuously occupied through long time frames, contamination 
of older layers with recent material through water seeps or bur-
rowing animals is likely. Similarly, misidentification of copro-
lites should be considered as a source of error. Therefore, cau-
tion, critical judgment, and strict adherence to a sequence of 
well-established authentication procedures must be the norm 
(see Willerslev and Cooper 2005 for a comprehensive review). 
Specifically, all experiments should always be replicated inde-
pendently in different laboratories. Otherwise results will be, 
potentially, controversial. 
Associated with the explosion of obtainable data (no matter 
the field) are issues concerning storage, dissemination, and data 
mining. While mathematic and computational issues of data 
analysis and knowledge discovery are currently being examined 
in the arena of mainstream fields such as biomedical and bioin-
formatics research, paleoparasitologists should start entertaining 
the idea of a discipline-specific, web-based relational data re-
pository (beyond the GenBank for sequence reposit()ries). This 
could serve as a reference for methods, publications, data, and 
material, and as an interactive tool to link different types of 
data obtained from the same archaeological site, coprolite, or 
animal midden. It will also help to make the discipline more 
visible to the public and researchers from other disciplines, pos-
sibly encouraging collaborations. There are still many unex-
plored avenues for paleoparasitological research, many of 
which call for the integration of expertise from other fields. 
Therefore, collaborative efforts will most likely drive future de-
velopments of the field. 
One cannot predict the future of paleoparasitology without 
thinking about the future of parasitology itself. In the 1980s 
researchers were confident about the possibility of eradicating 
some parasitic diseases. Today, we have to come to the reali-
zation that many parasites stubbornly persist, and-just like 
bacteria-have developed, or will develop, resistance to many 
anti-parasitic drugs. Additionally, it becomes clear that shifting 
climatic conditions and our own activities open up new niches, 
and parasite distribution patterns are likely to change in the 
very near future. This realization comes at a time when para-
sitology as a discipline is struggling with diminishing resources 
and an abysmal funding situation. This unstable research en-
vironment will in the long run constrain the training of the next 
generation of parasitologists. We should learn from the most 
important lesson that paleoparasitology can offer. Parasites are 
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not defeated, and it is certain that the same old plagues will 
haunt us in this world, and the ones to come. 
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INFECTION OF PRIMARY CANINE DUODENAL EPITHELIAL CELL CULTURES WITH 
NEOSPORA CANINUM 
Andrew Hemphill, Nathalie Vonlaufen, Julia L. Golaz, and Iwan A. Burgener 
Institute of Parasitology and Department of Clinical Veterinary Medicine. Division of Small Animal Internal Medicine, Vetsuisse Faculty of the 
University of Berne, Berne, Switzerland. e-mail: hemphill@ipa.unibe.ch 
ABSTRACT: According to current knowledge, sexual development of the apicomplexan parasite Neospora caninum takes place 
in the canine intestine. However, to date there is no information on the interaction between the parasite and the canine intestinal 
epithelium, and, next to the clinical and in vivo research tools, an in vitro model comprised of canine intestinal cells infected 
with N. caninum would be very helpful for investigations at the cellular level. Following the isolation of cells of neonatal canine 
duodenum and growth of cell cultures to mono layers for 5-6 days, canine intestinal epithelial cells were exposed to cell culture-
derived N. caninum tachyzoites and bradyzoites. The host cells remained viable during in vitro culture for an average of 2 wk. 
During this time span, N. caninum was found to readily adhere to any surface area of these cells, but infection took mostly place 
at sites where microvilli-like structures' were missing, e.g., at the cell periphery, with tachyzoites exhibiting at least 3-4 times 
increased invasive capacities compared to bradyzoites. Once intracellular, parasites resided within a parasitophorous vacuole, 
moved toward the vicinity of the nucleus and the more distal portion of the epithelial cells, and proliferated to form vacuoles of 
not more than 2-4 parasites, which were surrounded by numerous mitochondria. Immunofluorescence staining and TEM of 
infected cells showed that the expression of cytokeratins and the structural integrity of desmosomes and tight junctions were not 
notably altered during infection. Furthermore, no changes could be detected in the alkaline phosphatase activities in cell culture 
supernatants of infected and noninfected cells. Canine duodenal epithelial cell cultures represent a useful tool for future studies 
on the characteristics of the intestinal phases of N. caninum infection. 
Infection with Nempora caninum leads to the disease neo-
sporosis, which is characterized by neuromuscular disorders in 
dogs and abortion in cattle. Other domestic and wildlife animals 
can also be affected (Hemphill et aI., 2006; Dubey et aI., 2007). 
The life cycle of N. caninum is, in analogy to the closely related 
Toxoplasma gondii, comprised of 3 distinct stages: (1) the pro-
liferative tachyzoite stage, which causes extensive tissue dam-
age through repeated cycles of infection, proliferation, and host 
cell lysis; (2) a slowly proliferating bradyzoite stage, which is 
enclosed by a cyst wall and is able to remain within mainly 
neuronal tissue for an extended period of time; and (3) a sex-
ually produced sporozoite stage, which is formed within the 
intestine of its definitive host, enclosed in an oocyst, and finally 
formed after oocysts are released into the environment by fecal 
shedding. Dogs and coyotes are the only definitive hosts iden-
tified for N. caninum so far, and the intestinal phase represents 
an integral part of the life cycle of this parasite (McAllister et 
aI., 1998; Gondim et aI., 2004) 
Since its discovery the realization of the economical signif-
icance of N. caninum has led to considerable efforts in eluci-
dating how the parasite interacts with its host. In addition to 
extensive studies on the complex relationship with the host im-
mune system (reviewed in Innes and Vermeulen, 2006; Innes, 
2007), investigations into the cellular aspects of neosporosis 
have been undertaken. Most notably, the processes that lead to 
host cell invasion and intracellular development are of crucial 
importance (Hemphill et aI., 2006). In order to interfere in these 
processes, it is important to discover how N. caninum can mod-
ulate its host cell; drug targets and potential vaccine candidates 
must be identified, and the molecular mechanisms governing 
stage conversion need to be elucidated. To achieve these goals, 
in vitro tissue culture techniques represent indispensable tools. 
The most commonly used in vitro culture model for studying 
the cell biology of N. caninum is based on the maintenance of 
the proliferative tachyzoite stage in monolayers of cell lines or 
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primary cell cultures. This approach is easy to follow because 
N. caninum, like T. gondii, can infect and proliferate in a wide 
range of cell types (Hemphill et aI., 2004, 2006). During chron-
ic infection, however, N. caninum is sequestered into immuno-
privileged sites such as the central nervous system (Dubey et 
aI., 2006), and, on experimental infection in C57BLl6 mice, the 
parasite could be detected predominantly in the brain, but not 
in other organs (Cannas, Naguleswaran, Muller, Gottstein, Epe-
ron, et aI., 2003; Cannas, Naguleswaran, Muller, Gottstein, and 
Hemphill, 2003; Alaeddine et aI., 2005; Collantes-Fernandez et 
aI., 2006). Thus, the central nervous system represents an im-
portant predilection site for N. caninum on both natural and 
experimental infection. To gain more information on the cere-
bral phase of neosporosis, an alternative in vitro model was 
developed, which included organotypic rat brain slice cultures 
(Vonlaufen, Gianinazzi et al., 2002). In contrast to in vivo ex-
periments, this model enabled manipulations to be carried out 
in a controlled environment under defined conditions, with di-
rect access to a complex network of cerebral host cells and host 
cell components. This model has been applied for studies on 
the effects of tumor necrosis factor-alpha and interferon-gamma 
on the proliferative capacities of N. caninum and T. gondii 
(Vonlaufen, Gianinazzi et aI., 2002; Scheidegger et aI., 2005). 
In addition to these tachyzoite culture models, methods have 
been developed that allow investigations on tachyzoite-to-bra-
dyzoite stage conversion (Weiss et aI., 1999; Tunev et aI., 
2002), with the most successful approach being the induction 
of stage conversion through the addition of exogenous NO 
(Vonlaufen, Muller et al., 2002; Risco-Castillo et al., 2004; 
Vonlaufen et aI., 2004). Neospora caninum bradyzoites forming 
cyst wall-like structures have been observed by TEM in cul-
tures of murine epidermal keratinocytes and Vero cells treated 
with sodium nitroprusside (SNP; Vonlaufen, Muller et aI., 2002; 
Vonlaufen et aI., 2004). In contrast to tachyzoites and brady-
zoites, there is currently no information available on the enteric 
stages of N. caninum. Since corresponding investigations would 
require the use of dogs, the establishment of an appropriate in 
vivo model would be faced with a number of challenges, such 
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as sacrificing dogs, regulatory restrictions, and relatively high 
costs. 
It is conceivable to believe that an in vitro model for the 
culture and/or development of such stages would require host 
cells of canine intestinal origin. However, there are only a few 
non-transformed mammalian intestinal epithelial cell models 
described that are mostly of rodent origin, and well-character-
ized canine primary cultures of intestinal epithelium are ex-
tremely rare (Weng et aI., 2005). Monolayers of canine jejunum 
have been established as model to measure trans-epithelial volt-
age and resistance, and the expression of pattern recognition 
receptors TLR2 and 4 as well as NOD2 in canine colonic epi-
thelial cells were described, but without further characterization 
of the cell culture. We have recently developed a methodology 
to initiate primary canine duodenal epithelial cell culture (Golaz 
et aI., 2007). In this paper we report on the infection of such 
cultures with N. caninum tachyzoites in vitro and discuss the 
potential use of such an in vitro model for studies on the in-
testinal phase of neosporosis. 
MATERIALS AND METHODS 
Biochemicals and tissue culture reagents 
If not stated otherwise, biochemicals and tissue culture reagents were 
purchased from Sigma Aldrich Chemie (Buchs, Switzerland). 
Culture of N. caninum tachyzoites and bradyzoites 
Culture of Vero cells were maintained in RPMI-1640 medium (Gib-
co-BRL, Basel, Switzerland) supplemented with 5% fetal calf serum 
(FCS), 2 mM glutamine, 50 U of penicillin/ml, and 50 mg of strepto-
mycin/ml at 37 C with 5% CO2 in tissue culture flasks. Cultures were 
trypsinized at least once a week. Neospora caninum tachyzoites of the 
Nc-l isolate were maintained in Vero cell monolayers. Parasites were 
harvested when they were still intracellular by trypsinization of infected 
Vero cells, followed by repeated passage through a 25-gauge needle at 
4 C, followed by separation on Sephadex-G25 columns as described 
previously (Hemphill et aI., 1996). Neospora caninum bradyzoites were 
cultured by treatment of tachyzoite-infected Vero cells with 17 [LM SNP 
and purified on Sephadex-G25 columns according to the procedure de-
scribed by Vonlaufen et al. (2004). 
Canine epithelial cell isolation and culture procedure 
The procedure described by Golaz et al. (2007) was applied. In short, 
tissue samples from 10 clinically healthy neonatal puppies (1 to 2 days 
old) that were supernumerous at a laboratory animal breeding facility 
were taken at necropsy immediately after being killed by the use of 
sodium pentobarbital. The entire duodenum was excised and collected 
in ice-cold serum-free culture medium (OptiMEM, GIBCO, Invitrogen, 
Basel, Switzerland) and processed without delay. The duodenum was 
divided into 4 pieces, and the segments were cut open longitudinally, 
then washed 5 times in ice-cold fortified culture medium (FCM; 
OptiMEM, GTBCO, Invitrogen), supplemented with an antibiotic/anti-
mycotic solution (Primocin, Amaxa, Cologne, Germany; 2 [LlIml), mu-
rine epidermal growth factor (20 ng/mI), insulin from bovine pancreas 
(10 [Lg/ml), and hydrocortisone 21 hemisuccinate sodium salt (150 nM). 
Subsequently the tissue was disrupted with Trypsin-EDTA (GTBCO, 
Invitrogen) for 5 min at room temperature. The luminal surface of each 
piece of duodenum was then scraped gently with a sterile scalpel blade 
to remove mucus and most of the villi. Subsequent scrapings leaving 
only the serosa and part of the muscular layers behind were then col-
lected, placed into FCM, and centrifuged (2 min, 235 g, 4 C). The pellet 
was washed with FCM and then enzymatically digested for 20-40 min 
at 37 C with a I: 1 solution of collagenase type I and dispase (0.4 mg/ 
ml and I mg/ml, respectively; GTBCO, Invitrogen). The remaining pel-
let was centrifuged twice (2 min, 235 g, 4 C) on a 2% sorbitol gradient 
in FCM supplemented with 2.5% FCS (AMIMED, Bioconcept, All-
schwil, Switzerland). The pellet was finally suspended in FCM supple-
mented with 10% FCS and seeded directly into Matrigel-coated (BD 
Bioscience, San Jose, California) 24-well culture plates, or into wells 
containing Matrigel-coated glass coverslips (Sarstedt, NUmbrecht, Ger-
many). Specimens were placed in an incubator at 37 C with 5% CO2 
and humidified atmosphere, and the medium was changed after 24 hr. 
FCS was reduced to 2.5%, and further culturing was done at 33 C 
(Golaz et aI., 2007). Thereafter, the medium was renewed every 2 days 
for the remaining culture time. The cultures were inspected every day 
by light microscopy (Nikon Eclipse TS100, Nikon, Nikon Micro Sci-
ence, Egg, Switzerland) to assess viability, morphology, and prolifera-
tion of the cells. 
Infection of canine intestinal cell cultures with N. caninum 
tachyzoites and bradyzoites 
Infection of cell cultures with freshly purified N. caninum tachyzoites 
was carried out by resuspending freshly purified parasites (104/ml) in 
FCM containing 2.5% FCS and adding the suspension to the cultured 
canine epithelial cells earliest 5 days after isolating them out of intes-
tinal tissue. Cultures were monitored on a daily basis by light micros-
copy for up to 10 days post-infection, with medium changes every 2 
days. 
PDTC-PCR-based quantification of host cell interactions of 
bradyzoites and tachyzoites 
Adhesion to, and invasion of, canine intestinal epithelial cells by N. 
caninum tachyzoites and bradyzoites was investigated using the PDTC-
PCR adhesion/invasion assay according to Naguleswaran et al. (2003). 
Briefly, mono layers were grown in 24-well flat bottom tissue culture 
plates; 1 X 104 parasites (either freshly purified tachyzoites or brady-
zoites) resuspended in 500 [LI of FCM containing 2.5% FCS were added 
to the monolayers for 2 hr at 37 C. Unbound parasites were removed 
by washing in FCM, and infected mono layers were incubated with FCM 
containing 100 [LM PDTC (pyrrolidine dithiocarbamate), 0.2 [LM 
CuS04, and the respective parasite specific hyperimmue serum (1:200) 
for 2 hr at 37 C. This killed and permeabilized extracellular parasites 
but left intracellular ones unharmed (Naguleswaran et aI., 2003). In 
parallel, control incubations in medium alone were performed. Subse-
quently the wells were washed once with FCM, and FCM containing 1 
mg/ml DnaseI was added, and the preparations were incubated for I hr 
at 37 C. Finally, all wells were washed with FCM containing 1 mM 
EDTA to inhibit DnaseI-activity, and the cellular material was taken up 
in 200 [Ll of lysis butfer (DNA easy kit, Qiagen, Hombrechtikon, Swit-
zerland). The specimens were transferred to Eppendorf tubes and heated 
for 5 min at 95 C. DNA was purified using the DNAeasy kit according 
to the manufacturer's instructions. DNA was eluted in 100 [Ll AE buffer 
from the kit and subsequently boiled for 5 min. Quantitative PCR am-
plification was performed on a Lightcycler®' (Roche Diagnostics, Rot-
kreuz, Switzerland) with 4 [LI of I :400 diluted sample DNA, according 
to the protocol described by MUller et aL (1996). As external standards, 
samples containing N. caninum DNA equivalent to 100, 10, and 1 par-
asites were used. All assays were carried out in quadruplicates. 
Scanning electron microscopy 
Infected cell cultures grown on glass cover slips were processed for 
scanning electron microscopy (SEM) analysis as described by Hemphill 
et aL (2004). Briefly, the cells were fixed in 2.5% glutaraldheyde in 100 
mM sodium cacodylate buffer for 4 hr at room temperature, followed 
by postfixation in 2% OS04 in cacodylate buffer. They were then ex-
tensively washed in distilled water, dehydrated in acetone, and subli-
mation dried (Peldri II, Plano, Marburg, Germany) in hexamethyldisi-
lazane as described by Hemphill and Croft (1997). Finally, glass cover 
slips were sputter-coated with gold and inspected on a scanning electron 
microscope (lEOL 840, JEOL Techniques, Tokyo, Japan) operating at 
25 kY. 
Transmission electron microscopy 
Neospora caninum-infected duodenal epithelial cell monolayers were 
processed for transmission electron microscopy (TEM) as described by 
Hemphill et aL (2004). Briefly, the cultures were fixed for 4 hr at room 
temperature in 2.5% glutaraldehyde in 100 mM sodium cacodylate buff-
er (pH 7.2), followed by post-fixation in 2% OS04 in cacodylate buffer. 
Specimens were extensively washed in distilled water and incubated in 
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Immunofluorescence labeling 
. RESULTS 
Canine intestinal epithelial cell culture 
Primary canine inte tinal epithelial cell i lated in thi tudy 
gr w t c nflu nt m n layer within 5- 6 day. Th m n layer 
h w d an pithelial-typ and p lariz d m rph I gy a i u-
aliz d by M ( ig. LA) and TEM (Fig. IS). In many cell 
micr illi wer facing the u)ture medium r wid area f 
th urface. H we er micr illi-lik pr tru i n wer Ie fr-
qu ntly fund at th II p riph ry. Th e ultur al xhib-
ited th r typical f ature of inte tinal epith lial ti ue, includ-
ing th pr nc f d m m and tight jun ti n in r gi n 
wh r m n lay r r ch d c nflu n y, and pr i n f k r-
atin filament and ab nce f im ntin-type int rmediat fila-
m nt (G laz t al. 2 7; data nth wn). 
Infection of canine intestinal epithelial cells by 
N. caninum tachyzoites and bradyzoites 
haract ri tic 
a tual in a i n 
i ualiz d by 
FIGURE 1. Microscopical images of a primary duodenal cell culture. 
(A) SEM micrograph showing the surface of a canine intestinal epithelial 
cell growing under subconfluent conditions, with a higher density of mi-
crovilli in the central region and lower microvilli density in the central 
part of the cell. Bar = 2.5 j..l.m. (8 ) TEM micrograph of confluent cells, 
demonstrating discrete microvilli on the apical surface and even be-
tween connecting cells. Bar = 3 j..l.m. 
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FIGURE 2. SEM of N. caninum tachyzoites adhering to and invading canine intestinal epithelial cells. Note that adhesion to the host cell surface 
takes place preferentially at sites largely devoid of microvillar cell protrusions (A, 8 ), while invasion takes place independently of the presence of 
microvilli in the central part as well as on the periphery of intestinal cells. Intra = intracellular parasite, invad = invading parasite, adh = adherent 
parasite. Bar = 2.5 f..I.m (A); bar = 32 f..I.m (8 ). (C- F) Illustrations demonstrate the sequence of events taking place during host cell recognition 
and infection. The bold arrow in (C) points toward the parasite apical end recognizing a potential invasion site on the host cell surface; smaller 
arrows (0 , E) point toward the host cell surface membrane over-coating the tachyzoites during the invasion process. (F) The intracellular parasite 
is barely visible. Bars = 2 f..I.m . 
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FIGURE 3. Adhesive and invasive capacities of in vitro cultured N. 
caninum tachyzoites and bradyzoites interacting with canine intestineal 
epithelial cells. Identical numbers of tachyzoites and bradyzoites (104 ) 
were allowed to interact with canine cells for 2 hr at 37 C, and the overall 
number of parasites as well as the number of those parasites that had 
invaded the canine cells were quantified by real-time PCR. Note that 
bradyzoites appeared to be less adhesive as well as less invasive com-
pared to tachyzoites. Data are displayed as means of experiments per-
formed in quadruplicate plus SO, and a representative result of 3 in-
dependent experiments is shown. 
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FIGURE 4. Intracellular maintenance of N. caninum in canine intestinal epithelial cells. (A) Double immunofluorescence labeling of infected cells 
at day 5 post-infection using anti-No caninum polyclonal antiserum staining the parasites with FITC and monoclonal mouse anti-pan-cytokeratin 
antibody (secondary antibody TRITC-conjugated). Note the small number of parasites per parasitophorous vacuole. (8 ) Demonstrates labeling of 
tachyzoites with TRITC and staining of cell-cell contacts with a monoclonal anti-occludin antibody and the corresponding FITC conjugate. Nuclei 
are stained blue by the fluorescent dye Hoechst 33258. (C) TEM shows intracellular N. caninum parasites residing within a parasitophorous 
vacuole inside most likely goblet cells containing large intracellular cytoplasmic granules (cg). Bar = 0.8 J.l.m. 
cau ed by the decrea e in v iability and differentiation tatus of 
the host cell , which have been reported to 10 e important hall-
marks of epithelial nature within a time frame of approximately 
14 days (Golaz et aI., 2007). However, ultrastructural epithelial 
cell markers, such as keratin-type intermediate filament , and 
the formation of tight junctions and desmo omes (Fig. 4, 5) 
were observed in infected cells a late a 10 days post-infection, 
and infected cell did not exhibit any notable change in the 
activity o f the bru h border enzyme alkaline pho phata e. This 
indicate that the intrin ic nature of the e epithelial cells has 
not been altered during infection w ith N. caninLlIll. 
In summary. we conclude that neonatal canine duodenal ep-
ithelial cells may we ll serve as a useful model for further in 
itro studie on certain a pects o f the inte tinal pha e of N. 
eal/il/lIlIl infection. H wever, there is no morphological or 
tructural information on enteric tage o f N. Cal/inLlIll in dogs 
ava ilable 0 fa r: thu , it i difficult to asse whether the char-
acteristics we have identified in this tudy also apply to the in 
v ivo situation. The characteri tics o f the neonatal culture de-
scribed herein (and everal cultures performed since then) are 
very similar, which make thi s primary cell culture yatem a 
good and reproducible model with many features re embling 
the inte tinal barrier in v ivo. Ithough the a erage li fe pan of 
2 w k is g iving u the po ibility o f tudying certain effec ts 
during proliferation and differentiation o f the para i te w ithin 
these intestinal cell. thi limitation in v iability and differen-
tiation tatus of the e primary canine intestinal epithelial cells 
repre ent an important drawback. Further work i currently 
ongoing to generate an immortalized canine inte tinal ce ll cul -
ture model that would allow m re prolonged and detailed 
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FIGURE 5. Ultrastructure of N. caninum-infected canine intestinal epithelial cells at day 10 post-infection. (A) Lower-magnification view dem-
onstrates the presence of parasitophorous vacuoles of mostly 1-2 parasites (arrows). Bar = 2.5 ,.,..m. (8 ) In many cells these are associated with 
larger cytoplasmic granules (cg) (bar = 0.7 ,.,..m). (C) Higher-magnification view of the boxed area indicated in (A), demonstrating that parasites 
are often surrounded by host cell mitochondria (mito; bar = 0.3 ,.,..m). Even after 10 days, the infected host cells maintained their typical epithelial 
cell-associated features, including numerous desmososmes and tight junctions, as indicated by arrows in (0 , E). Bar = 2 ,.,..m (D); bar = 0.3 ,.,..m 
(E). 
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studies, possibly also on stage converSIOn and sexual differ-
entiation of N. caninum. 
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VERTEBRATE HOSTS AND PHYLOGENETIC RELATIONSHIPS OF AMPHIBIAN 
TRYPANOSOMES FROM A POTENTIAL INVERTEBRATE VECTOR, CULEX TERRITANS 
WALKER (DIPTERA: CULICIDAE) 
Kristen Bartlett-Healy, Wayne Crans, and Randy Gaugler 
Center for Vector Biology, 180 Jones Avenue, Rutgers University, New Brunswick, New Jersey 08901-8536. e-mail: krisb@rci.rutgers.edu 
ABSTRACT: The blood meals of field-collected female Culex territans (Diptera: Culicidae) were concurrently assayed for the 
presence of trypanosomes and for vertebrate host identification. We amplified vertebrate DNA in 42 of 119 females and made 
positive identification to the host species level in 29 of those samples. Of the 119 field-collected Cx. territans females, 24 were 
infected with trypanosomes. Phylogenetic analysis placed the trypanosomes in the amphibian portion of the aquatic clade of the 
Trypanosomatidae, These trypanosomes were isolated from Cx. territans females that had fed on the frog species Rana clamitans, 
R. catesbeiana, R. virgatipes, and Rana spp. Results support a potential new lineage of dipteran-transmitted amphibian trypano-
somes may occur within the aquatic chide. The frequency in which female Cx. territans acquire trypanosomes, through diverse 
feeding habits, indicates a new relationship between amphibian trypanosomes and mosquitoes that has not been examined 
previously. Combining Trypanosoma species, invertebrate, and vertebrate hosts to existing phylogenies can elucidate trypanosome 
and host relationships. 
Culex territans Walker (Diptera: Culicidae) is found through-
out most of the Northern Hemisphere (Knight and Stone, 1977). 
Females prefer amphibian blood meals (63%), feeding inter-
mittently on Reptilia, Aves, and Mammalia (Savage et aI., 
2007). In New Jersey, Cx. territans occasionally feed on rep-
tilian and avian sources, but they prefer amphibians (88.5%) 
(Crans, 1970). Culex territans is a competent vector for several 
amphibian parasites, including the nematode Foleyeliafiexicau-
da (Benach, 1971). In New Jersey, bullfrogs (Rana catesbei-
ana) show high levels of co-infection with F. fiexicauda and 
trypanosomes (Benach, 1971). Amphibian trypanosomes infect 
most anuran species (Bardsley and Harmsen, 1973). Barta and 
Desser (1984) found trypanosomes are prevalent parasites in-
fecting amphibians In Qntario, Canada, an area where Cx. ter-
ritans is common (Desser et al., 1973). 
Trypanosomes are cosmopolitan vertebrate parl!sites that are 
transmitted by invertebrate vectors (Hamilton et aI., 2004). 
Within Trypanosoma spp., the biology, hosts, and mode of 
transmission are unknown for many species. Phylogenetic anal-
ysis is used to determine evolutionary origins and relationships 
of trypanosomes to clarify fundamental questions on the biol-
ogy of these species. Various Trypanosomatidae phylogenies 
show coevolution of trypanosomes with vertebrate hosts, in-
vertebrate vectors, and biogeography. In most interpretations, 
the amphibian trypanosomes were among the earliest to diverge 
from monoxenous trypanosomatids (Hamilton et aI., 2004). 
Amphibian trypanosomes are placed within a monophyletic 
group referred to as the aquatic clade (Hamilton et aI., 2007), 
which are primarily leech transmitted. Trypanosomes within 
this clade also occur in terrestrial vertebrates, suggesting an 
insect vector might transmit trypanosomes within the aquatic 
clade (Barta and Desser, 1984). A further understanding of ver-
tebrate and invertebrate hosts of aquatic trypanosomes may 
shed light on unresolved phylogenies, and aid in understanding 
the evolution of parasitism within this group. 
It has been proposed that Cx. territans might serve as a vec-
tor for amphibian trypanosomes, including T. ranarum (Barta 
and Desser, 1984). Transmission of amphibian trypanosomes 
has been demonstrated in nematoceran Diptera, including Cor-
Received 21 July 2008; revised 4 September 2008; accepted 3 October 
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ethrellidae (Johnson et al. 1993), and Psychodidae (Anderson, 
1968), indicating that leeches are not the only vectors of am-
phibian trypanosomes. Van Dyken et aI. (2006) detected try-
panosomes in unengorged Cx. pipiens and Cx. tarsalis, and they 
suggested that trypanosomes might increase the vector com-
petence of West Nile virus. 
Parasitic trypanosomes rely on blood-feeding vectors for 
transmission to new hosts (Hamilton et al., 2007). Trypanosome 
transmission occurs during blood feeding via saliva, by fecal 
deposits being rubbed into wounds, or by host ingestion. Desser 
et aI. (1973) found T. rotatorium development to the epimas-
tigote stage in Cx. territans, but they were unable to experi-
mentally infect R. pipiens with epimastigotes (Desser et al., 
1975). The authors did not attempt transmission via blood feed-
ing, or with other species of trypanosomes. Trypanosomes re-
quire suitable host conditions, such as a specific pH, to initiate 
the development into the infective stage (Ucros et aI., 1983); 
thus, a species might require blood feeding to initiate devel-
opment. Martin and Desser (1991) found that infective stage T. 
fallisi, which infects amphibians, migrated to the leech's pro-
boscis during blood feeding. 
Our goal was to further the understanding of amphibian try-
panosomes and phylogenies, by examining the life history of a 
potential invertebrate vector, Cx. territans. The objective was 
to identify the vertebrate sources of blood meals, while con-
currently examining Cx. territans females for trypanosomes. 
Adding a tritrophic study of trypanosome species, vertebrate, 
and invertebrate hosts to existing phylogenies can elucidate the 
evolution of parasitism within the Trypanosomatidae. Our hy-
pothesis was that Cx. territans feeds predominantly on amphib-
ian blood, and acquires amphibian trypanosomes during blood 
feeding. 
MATERIALS AND METHODS 
Mosquito collections 
Culex territans females were .collected in New Jersey using resting 
box, light, and carbon dioxide-baited traps, from 2003 to 2007, through 
a statewide vector surveillance program (Crans and McCuiston, 1993). 
Resting boxes were set out each year from May to October in Atlantic, 
Burlington, Camden, Cape May, Monmouth, and Salem counties. In 
2005 and 2006, resting boxes were also set in early April in Bergen 
and Sussex counties. Mosquitoes were anesthetized using triethyl-
amine, hand aspirated, and placed in lO-ml glass vials within clear 
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TABLE I. Primers used to amplify regions of target DNA from engorged 
Culex territans field-collected in New Jersey, 2003-2007. 
Amplicon size 
Target region Forward and reverse sequences (bp) 
Amphibian Cyt b THC TNT CNG CHG CCC CVT A 402 
GAG CGD AGR ATN GCR TAR GC 
Herptile Cyt b GGN TCR TCC AAC CCA AYW G 518 
TTT DGC DAD DGG DCG RAA N 
Vertebrate Cyt b TGA GGA CAA ATA TCA TTY TGA GG 358 
AGT TTT CTG GGT CTC CTA 
Trypanosoma GTG CAY GGC AAG TTC AAG TA 426 
gGAPDH GTA CGA GTG GAT CGT CGT CA 
plastic bags in a cooler with dry ice. Blooded specimens of Cx. territans 
were identified to species on a chill table and placed in an individually 
labeled 1.5-ml microcentrifuge tube. Trap type and location, Sella stage 
of blood meal digestion (WHO, 1975), and date were recorded. Spec-
imens were stored at -70 C. 
Primer design 
Unique primers were designed using Primer3 software (Rozen and 
Skaletsky, 2000). Random sequences were chosen for trypanosomes and 
amphibians from GenBank and aligned using BioEdit Sequence Align-
ment Editor version 7.0.5.3 (Hall, 1999) to create a consensus sequence. 
For development of the trypanosome primers, the sequences included 
representatives of both the terrestrial and amphibian clades. For the 
amphibian primers, all amphibians found in New Jersey, with represen-
tative sequences found in GenBank were used in the primer develop-
ment. Primers were selected based on melting temperature, GC content, 
primer dimers, and hairpins. New primers were developed to ensure 
that mosquito DNA was not going to be amplified. Mosquito sequences 
were added to the alignments to exclude amplification of mosquito 
DNA with the developed primers. Two primer sets were developed (Ta-
ble I), I set to amplify a 406-base pair (bp) region of the cytochrome 
b (Cyt b) gene in amphibians and I set to amplify a 426.bp region of 
the glycosomal glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
gene of trypanosomes. The GAPDH gene was chosen due to its slow 
rate of molecular evolution and availability of sequences (Hamilton et 
aI., 2004). Primers for determining cytochrome b in mammal, bird, and 
reptile DNA were based on previous studies (Scott, 2003). Primers am-
plifying host DNA were tested on Rana catesbeiana (bullfrog), R. clam-
itans (green frog), Bufo americanus (American toad), R. sphenocephala 
(southern leopard frog), R. virgatipes (carpenter frog), Chrysemys picta 
(painted turtle), Macrochelys temminckii (snapping turtle), Nerodia si-
pedon (water snake), Gallus gallus (chicken), Corvus brachyrhynchos 
(American crow), Equus cabal/us (horse), Procyon lotor (raccoon), and 
Sylvilagus fioridanus (eastern cottontail rabbit) DNA. 
Molecular techniques 
Mosquitoes were pinned to a Styrofoam block, and the legs and 
wings were removed to minimize extraneous DNA. The mosquito's ab-
domen was cut from the thorax, and the blood packet was rolled out 
using a probe. Blood packets were immediately transferred to a sterile 
1.5-ml microcentrifuge tube at -70 C until further processing. 
Mosquitoes were homogenized in 140 fLI of DNAzol® (Molecular 
Research Center, Cincinnati, Ohio) using a sterile pestle, and then they 
were placed in a heat block at 95 C for 10 min. Tubes were centrifuged 
at 11 ,000 rpm for 10 min, the supernatant was removed, and 50 fLI of 
100% ethanol was added to each tube. Samples were centrifuged twice 
for 10 min at 11,000 rpm, the liquid was decanted, and the pellet was 
resuspended in 35 fLI of distilled H20. Samples were stored at 4 C. 
The polymerase chain reaction (PCR) sample consisted of 2 fLI of 
DNA to 48 fLI of master mix containing Takara Ex Taq Polymerase 
(Takara Bio Inc., Seta, Japan). Concentrations were based on the man-
ufacturer's guidelines. Reactions were run on a GeneAmp® PCR System 
9700 thermocycler for 50 cycles. Each cycle had I-min denaturing (94 
C), 30-sec annealing (54 C), and I-min extension (72 C). Trypanosoma 
cruzi genomic DNA (ATCC 30266D, American Type Culture Collec-
tion, Manassas, Virginia) served as the positive control. 
Amplified DNA was examined on a 1.25% low EEO agarose gel and 
modified TAE buffer. Samples were run with a 100-bp ladder (Promega, 
Madison, Wisconsin) at 84 V for approximately 60-100 min, stained 
using ethidium bromide, and visualized on a UV light table. Bands were 
cut from the gel, purified using Montage® DNA purifying kit (Millipore, 
Billerica, Massachusetts), and sequenced at the Rutgers University Bio-
technology Center for Agriculture and the Environment. 
Resulting sequences were retrieved and edited using the Chro-
mas®Lite software. The chromatograms of sequences were further ex-
amined by aligning the forward and reverse sequences. This allowed 
for filling in any missing base pairs. Sequences were compared with 
other known sequences in the GenBank database using BLAST® search-
es. The following conditions were used to determine correct identifi-
cation. Positive identification to species was made when at least 98% 
of the base pairs matched to a known sequence, there was only one 
species that had a 98% match or above, and there were multiple results 
to the same species. Positive identification to genus was made when 
there was at least 95% match to a known sequence, and all the top 
matches belonged to the same genera. If the top matches belonged to 
various genera within the same class, they were identified to class level 
only. We did not estimate a positive identification below 92% base pairs. 
To determine the phylogenetic relationships of the amplified try-
panosome DNA, results were aligned with Tyrpanosomatidae sequences 
using BioEdit Sequence Alignment Editor version 7.0.5.3 (Hall, 1999). 
The alignment consisted of a 393-bp region of the GAPDH gene. The 
alignment included 37 sequences from Trypanosomatidae, 9 sequences 
from field-collected Cx. territans, and 2 sequences from the T. cruzi 
control. The outgroup consisted of Euglena gracilis and Bodo saltans. 
Our original outgroup for the maximum likelihood analysis was Lut-
zomyia longipalpis. This species was chosen to represent Diptera DNA, 
because the GAPDH gene was not available for Cx. territans. Results 
showed that our amplified bands were Trypanosoma sp. DNA, and not 
dipteran DNA, so the dipteran outgroup was removed from the analysis. 
Maximum likelihood analysis of nucleotide alignments were carried 
out using PAUP* version 4.0blO (Swofford, 2005). The model was 
determined using Modeltest 3.7 software (Posada and Crandall, 1998) 
and consisted of the general time reversible model (GTR +G) with 4 
category gamma distributions. Bayesian analysis was performed using 
MrBayes version 3.1.2 (Ronquist and Huelsenbeck, 2003). The general 
time reversible model was used for analyses of nucleotide sequence 
alignments. Rate variation across sites was modeled using a gamma 
distribution. The Markov chain Monte Carlo search was run with 4 
chains for 2,000,000 generations, with trees sampled every 100 gener-
ations, until the average standard deviation reached 0.007. 
Statistical analysis 
Data were analyzed using SPSS software version 15.0 (SPSS, Inc., 
2005). For the blood meal analysis, a linear regression model was per-
formed to determine whether the rate of blood meal digestion affects 
the ability to amplify host DNA. Variables included Sella stage of de-
velopment (WHO, 1975), and percentage of samples resulting in suc-
cessful host identification. An analysis of variance was performed to 
determine the affects of location on trypanosome prevalence rates. New 
Jersey was divided into 3 regions: northern (Bergen and Sussex coun-
ties), central (Monmouth, Ocean, and Mercer counties), and southern 
(Atlantic, Burlington, Camden, Cape May, and Salem counties), and the 
prevalences were compared. Five-year means of prevalence rates and 
standard errors were plotted. A curvilinear regression was performed to 
determine the temporal pattern of trypanosome prevalence rates in Cx. 
territans. 
RESULTS 
We collected 119 bloodfed ex. territans females from lO 
counties in New Jersey, representing the north (Sussex and Ber-
gen counties), central (Monmouth, Mercer, and Ocean coun-
ties), and southern (Atlantic, Burlington, Camden, Cape May, 
and Salem counties) parts of the state. We were able to amplify 
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FIGURE 4. Prevalence of trypanosomes (per 100) within Culex ter-
ritans by month. Results represent 5-yr mean percentages and SE for 
119 females collected from 2003 to 2007. 
northern (13.2 ± 10.4), central (30.3 ± 8.5), and southern (17.1 
± 7.4) New Jersey. 
The presence of trypanosomes in the blood meals occurred 
in a seasonal pattern (Fig. 4). The temporal distribution showed 
a quadratic trend (R2 = 0.897, P = 0.033), where the prevalence 
of trypanosomes within females increased in the spring, peaked 
in June, and then decreased toward the end of the season. The 
first infected Cx. terri tans was collected in April. A higher pro-
portion occurred in females collected in June (37.5%), July 
(25%), and August (~5%). No trypanosomes were collected in 
September, although 12% of the overall engorged females were 
collected during this month. 
Nine trypanosome sequences were used in the. phylogenic 
analysis, based on the quality of the returned sequence. Inferred 
phylogenetic trees from the Bayesian and maximum likelihood 
supported the placement of the aquatic and terrestrial clades 
into 2 separate groups. Results of our Bayesian analysis (Fig. 
5) showed 100% bootstrap support that all of our samples from 
Cx. territans placed in the aquatic clade, and 100% support that 
8 of our samples belonged to the group of amphibian trypano-
somes, including T. rotatorium, T. fallisi, and T. mega. One of 
the samples was closely related to a trypanosome isolated from 
an aquatic leech. 
In both the maximum likelihood and Bayesian analyses, the 
Trypanosoma spp. formed a monophyletic group comprising 
aquatic and terrestrial species. The aquatic clade, which con-
tains amphibian and fish trypanosomes, formed a distinct line-
age from the terrestrial T. brucei and T. cruzi clades. Although 
samples from Cx. terri tans came from at least 3 species of 
amphibians, all isolated trypanosomes fell within the aquatic 
clade. The sample Terr108, grouped with an aquatic leech. We 
were unable to identify the vertebrate host in this sample, but 
Cx. territans was at an early stage of blood meal digestion. 
Within the amphibian clade, our trypanosome samples grouped 
with T. fallisi and T. rotatorium. The sample Terr066 (Rana 
virgatipes from southern New Jersey) grouped with T. rotato-
rium (100% bootstrap support). Two trypanosomes collected in 
2006 from Monmouth County, Terr086 (Rana sp.) and Terr087 
(Rana clamitans), were grouped together (100% bootstrap sup-
port). These 2 trypanosomes clustered (92% bootstrap) with 
remaining samples (TerrI07, TerrIl 2, TerrI 08, Terrl17, and 
Terr113) collected from central New Jersey in 2007. The T. 
crud control was sequenced twice. On both occasions, our se-
quences were correctly placed with T. crud in our phylogeny 
(100% bootstrap support). 
DISCUSSION 
We found Cx. territans readily bloodfed on frogs, including 
R. clamitans, R. catesbeiana, R. sylvatica, P. crucifer, and R. 
virgatipes. Culex territans has been observed blood feeding 
from each of these species in nature (Crans, 1970). Blood meals 
from non-anuran hosts include rabbit and rodent (Crans, 1970), 
horse, raccoon, American robin, and common grackle (Savage 
et aI., 2007). Although studies by Crans (1970) and Savage et 
al. (2007) identified amphibian blood meals within Cx. terri-
tans, this is the first study to identify the species of amphibian 
from bloodfed females. 
The amphibian primer set successfully amplified the cyto-
chrome b gene in all amphibians and reptiles tested. The primer 
set was designed to amplify all genera within this group, and 
was deliberately made unspecific to maximize the likelihood of 
detecting the cytochrome b gene from multiple potential hosts. 
Because the primers were not specific, multiple errors occurred 
during sequencing, resulting in 70% positive identification to 
vertebrate host. Other primer sets were used to determine ver-
tebrate host, but they were less likely to detect amphibian blood 
meals. The trypanosome primer set was designed to be specific 
and successfully amplified the T. cruzi control in all PCR re-
actions. 
Host preference is affected by temporal and spatial abun-
dance of potential hosts (Savage et aI., 1993). Regardless of 
month and location, the highest proportions of blood meals 
were from R. clamitans. Culex territans exists both temporally 
and spatially with R. clamitans (Bartlett-Healy et aI., 2009), 
suggesting that Cx. territans acquires blood meals from hosts 
near their oviposition site. Desser et al. (1973) found that Cx. 
territans were prevalent in their study areas around R. clami-
tans, suggesting that these mosquitoes could be vectors of an-
uran trypanosomes. 
Culex territans contained trypanosomes in 20% of the fe-
males examined. Barta and Desser (1984) reported prevalences 
of T. ranarum within R. catesbeiana (4%) and R. clamitans 
(10.5%), but prevalences of T. rotatorium were high for R. ca-
tesbeiana (52%) and R. clamitans (43.9%). If Cx. territans were 
acquiring T. rotatorium, our results should mimic these high 
prevalences. Instead, our results are similar to those found with 
T. ranarum. This complex is made up of the giant anuran try-
panosomes T. mega, T. fallisi, and T. ranarum. These species 
have been detected in diverse anurans, including R. catesbei-
ana, R. clamitans, R. sylvatica, and B. american us (Barta and 
Desser, 1984). The potential vectors for many of the amphibian 
trypanosomes, including T. ranarum and T. fallisi, are still list-
ed as unknown. Although Cx. territans has never been dem-
onstrated to transmit amphibian trypanosomes, transmission 
studies using Diptera could elucidate this missing information. 
Results showed a seasonal distribution of females infected 
with Anuran trypanosomes. This seasonal distribution has been 
documented in the literature for amphibian infections since the 
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1800s (Bardsley and Harmsen, 1973). In most cases, prevalence 
is highest in spring and slowly decreases throughout the sum-
mer. Possible explanations for this distribution have included 
changes in photoperiod, temperature, amphibian glucose levels, 
and seasonal distribution of leeches (Bardsley and Harmsen, 
1973). Leeches attach to amphibians beginning in May, and 
they remain attached through June and July (Bardsley and 
Harmsen, 1973). By August, leeches are less abundant on am-
phibians, possibly explaining why our infection levels were 
highest in May, June, and July. Another factor contributing to 
prevalence in May is that frogs used as blood meals are mature 
adults that have been exposed to trypanosomes for over a year. 
As the season progresses, tadpoles are metamorphosing into 
adults, and by August there is a higher proportion of young 
adults. 
Lack of host specificity increases the probability of being 
colonized by parasites (Price, 1980). Culex territans feeds on a 
diversity of amphibians, increasing the likelihood of acquiring 
trypanosomes. Trypanosomes have been detected in all verte-
brate classes. For many of these species of trypanosomes, the 
vector and mode of transmission remains unknown. Recent 
phylogenies have shown specific clades of trypanosomes, 
which may be similar by vertebrate host or invertebrate vectors. 
However, even within a particular clade, the vectors and modes 
of transmission may differ. Co-speciation does not occur be-
tween trypanosomes and their vertebrate and invertebrate hosts, 
suggesting that invertebrates are capable of transmitting a wide 
variety of parasites (Hamilton et al., 2007). Instead of co-evolv-
ing with invertebrate or vertebrate hosts, trypanosomes likely 
colonize new hosts based on the traits they possess (Hamilton 
et al., 2007). 
The question arises as to what role Cx. territans plays in the 
trypanosome phylogeny. Leeches are not the only vectors of 
amphibian trypanosomes. Sand flies transmit trypS\nosomes to 
amphibians and reptiles in Brazil (Ferreira et aI., 2008), and 
development to the epimastigote stage in T. rotatorium has been 
shown within Cx. territans (Desser et al., 1973), although trans-
mission has never been examined. The trypanosomes isolated 
from Cx. territans occurred within the aquatic clade, splitting 
from leech-transmitted trypanosomes. The origin of the Culic-
idae and Phlebotiminae occur at least 40 million yr after the 
origin of Placobdella spp. leeches, suggesting if dipteran trans-
mission of aquatic trypanosomes occurs, then it diverged from 
leech-transmitted trypanosomes. Our phylogeny supports a po-
tential new lineage of dipteran-transmitted anuran trypano-
somes may be diverging from the aquatic clade. Diptera are 
suitable invertebrate hosts for trypanosomes, with 41 % of the 
lower Trypanosomatidae occurring within this family (McGhee 
and Cosgrove, 1980). 
The goal of the present study was not to implicate Cx. ter-
ritans as a vector of trypanosomes but to determine the blood 
meal hosts and potential parasites they are acquiring during 
blood feeding. Although Cx. territans has not been demonstrat-
ed to transmit trypanosomes to amphibians in the laboratory, 
they are readily acquiring these parasites during blood feeding. 
All trypanosomes acquired by Cx. territans belonged to a 
monophyletic group known as the aquatic clade, which includes 
several vertebrate and invertebrate hosts. A tritrophic study of 
invertebrate hosts, trypanosome species, and vertebrate hosts 
can elucidate existing phylogenies. 
Our study shows that Cx. territans are most likely acquiring 
T. ranarum and T. fallisi. Considering the prevalence in which 
females are picking up parasites, there should be a selective 
advantage to those trypanosomes that can complete develop-
ment within the mosquito, suggesting that transmission studies 
using Diptera should be examined further. Trypanosomes were 
detected in Cx. territans at all stages of blood meal digestion, 
indicating this species is a suitable invertebrate host for try-
panosome development. Trypanosomatidae from Leptomonas,· 
Crithidia, Herpetomonas, and Trypanosoma have all been de-
scribed from mosquitoes (Bates, 1949). Trypanosomes can 
complete development to the epimastigote stage in Cx. territans 
(Desser et al., 1973), indicating conditions are suitable for de-
velopment. Development of trypanosomes within an inverte-
brate host does not necessarily indicate it is a vector but war-
rants further transmission studies. Our results show that future 
experiments on amphibian trypanosomes along with vertebrate 
and invertebrate host studies are necessary and can shed light 
on the complex phylogenies of Trypanosomatidae. 
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A NEW SPECIES OF CAPILLOSTRONGYLOIDES (NEMATODA: CAPILLARIIDAE) 
PARASITIZING THE HORSEFISH, CONGIOPODUS PERU VIA NUS 
(PISCES: CONGIOPODIDAE), FROM ARGENTINA 
Delfina M. P. Cantatore, Marla A. Rossin, Ana L. Lanfranchi, and Juan T. Timi 
Laboratorio de Parasitologia, Departamento de Biologia, Facultad de Ciencias Exactas y Naturales, Universidad Nacional de Mar del 
Plata-Consejo Nacional de Investigaciones Cientificas y Tecnicas (CONICET). Funes 3350. (7600) Mar del Plata, Argentina. 
e-mail: cantator@mdp.edu.ar 
ABSTRACT: A new species of parasitic nematode, Capillostrongyloides congiopodi n. sp. (Capillariidae), is described based on 
specimens collected from the gall bladder of tbe horsefish, Congiopodus peruvianus Cuvier and Velenciennes (Congiopodidae, 
Scorpaeniformes), from the Patagonian Shelf, Argentina (45-48°S; 60-64°W). Among the 9 species described so far in the genus, 
the new species most closely resembles C. norvegica Moravec and Karlsbakk, 2000, by the presence of its conspicuously elevated 
anterior vulvar lip in females; however, it is readily distinguished from it by having a larger body size, larger eggs with protruding 
polar plugs, the shape and length of the spicule, and mainly by the general morphology of the caudal bursa of males. In addition, 
the site of infection, i.e., stomach versus gall bladder. This is the first Capillostrongyloides species reported from fishes in the 
southern Atlantic Ocean. 
Capillostrongyloides Freitas and Lent, 1935 comprises 9 spe-
cies (3 of them provisionally included in the genus), all para-
sitizing fresh water and marine fishes (Moravec, 2001; Portes 
Santos et aI., 2008). As a result of a parasitological survey of 
specimens of Congiopodus peruvianus Cuvier and Velencien-
nes, caught on the Patagonian Shelf, Argentina, parasitic nem-
atodes consistent with the diagnosis of Capillostrongyloides 
were found in the gall bladder of fishes; these parasites are 
herein described as a new species, which represent the first 
record of a representative of this genus in the southern Atlantic 
Ocean. 
MATERIALS AND METHODS 
Sixty-four specimens of C. peruvianus, caught during a research 
cruise on the Patagonian Shelf, Argentina (45-48°S; 60-'64°W) during 
July 2007, were examined for parasites. Fishes were necropsied, and 
gall bladders were removed and examined using a stereoscopic micro-
scope. In total, 374 capillariid nematodes was collected, fixed in 4% 
formaldehyde solution, transferred to 70% ethanol for storage, cleared 
in glycerine-ethanol, and then studied and measured using light mi-
croscopy. Drawings were made using a drawing tube. For scanning 
electron microscopy (SEM), specimens were dehydrated using a series 
of ethanol washes, dried by evaporation with hexamethyldisilazane, 
coated with gold palladium, and scanned in a JEOL JSM 6460-LV 
scanning electron microscope (JEOL, Tokyo, Japan). 
All measurements are given in micrometers, unless otherwise indi-
cated. Prevalence and mean intensity were calculated according Bush 
et al. (1997). Type material was deposited in the Helminthological Col-
lection of the Museo de La Plata (HCMLP), La Plata, Argentina, and 
in the Helminthological Collection of the Institute of Parasitology, Bi-
ology Centre of ASCR in Ceske Budejovice, Czech Republic. 
DESCRIPTION 
Capillostrongyloides congiopodi n. sp. 
(Figs. 1-25) 
General: Medium-sized nematodes, males smaller than females. An-
terior end of the body narrow and rounded. Cephalic papillae indistinct. 
Cuticle smooth. Two wide lateral bacillary bands present, extending 
along whole length of body. Nerve ring (difficult to observe) located 
between first and second third of muscular esophagus. Muscular esoph-
agus relatively short, representing 6-10% of total esophagus length. 
Received 20 May 2008; revised 20 September 2008; accepted 25 Sep-
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Muscular oesophago-stichosome junction oblique. Stichosome uniform 
in color, consisting of single row of 29-38 large, elongate stichocytes, 
each subdivided into approximately 8-12 transverse annuli, bearing a 
large and irregular central nucleus. Two distinct wing-like glandular 
cells present at esophago-intestinal junction. 
Males (based on II specimens; means followed hy range in paren-
theses): Body 16.47 (14.20-19.83) mm long and 67.3 (53-88) at widest 
body regions. Bacillary bands 25.0 (23-28) wide at the widest region 
of body. Nerve ring situated at 112 (108-118) from anterior extremity 
(observed in 5 specimens). Entire esophagus 4.95 (3.86-6.22) mm long, 
representing 30 (26-35)% of body length. Muscular esophagus 406.7 
(313-523) long; stichosome 4.54 (3.47-5.73) mm long, composed by 
31-38 stichocytes. Intestine joining cloaca at level of ejaculatory duct. 
Cloaca 1,510.9 (1,283-1,680) long, representing 9 (8-11)% of body 
length, anterior cloaca 236.6 (205-310) long, posterior cloaca 1,274.3 
(1,140-1,405) long. Spicular canal absent. Spicule smooth, well scler-
otized, with expanded, funnel shaped anterior end, slight constriction at 
mid-length and posterior end rounded; 1,140.0 (1,050-1,230) long, rep-
resenting 7 (6-8)% of body length. Spicule 10.9 (10-13) wide at an-
terior end, 5.7 (5-8) at mid-length, and 8.8 (8-10) near tip, in ventral 
view. Spicular sheath nonspinous, transversally striated when invagi-
nated; no specimens with evaginated spicular sheath observed. Cloacal 
opening subterminal. Posterior end of body rounded, provided with well 
developed membranous bursa, supported by 2 wide, almost spherical, 
lateral lobes, each bearing large papilla. Tail 19.6 (13-25) long. 
Females (hased on 11 specimens; means followed by range in pa-
rentheses): Gravid females body 27.82 (21.36-32.44) mm long and 98.0 
(83-115) at widest body regions. Bacillary bands 38.8 (30-50) wide at 
vagina-uterus junction. Nerve ring situated at 107.5 (95-118) from an-
terior extremity (observed in 6 specimens). Entire esophagus 6.13 
(4.34-6.91) mm long, representing 22 (20-24)% of body length. Mus-
cular esophagus 510.9 (390-640) long; stichosome 5.62 (3.92-6.44) 
mm long, composed of 29-37 stichocytes. Vulva with conspicuously 
elevated anterior lip, situated at 62.5 (20-1 13) from posterior end of 
esophagus. Vagina directed posteriorly from vulva, 390.5 (338-450) 
long, with eggs arranged in single file in anterior part of uterus, in 2 
files more posteriorly. Eggs nonembryonated, barrel shaped, with slight 
equatorial constriction and slightly protruding polar plugs. Size of fully 
mature eggs 89.2 (80-103) long, 31.1 (28-38) wide; polar plugs 8.9 
(8-10) high, 8.8 (8-10) wide. Ovary extending to near distal end of 
intestine. Rectum 77.5 (70-88) long. Posterior end of body rounded; 
anus subterminal; tail 15.5 (10-20) long. 
Taxonomic summary 
Type host: Congiopodus peruvianus Cuvier and Velenciennes (Con-
giopodidae, Scorpaeniformes). 
Site: Gall bladder. 
Type locality: Patagonian Shelf, Argentina (45-48°S; 60-64°W). 
Date of collection: July 2007. 
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FIGURES 1-10. Capillostrongyloides congiopodi n. sp. (1) Anterior end. (2) Bacillary band. (3) Male posterior end. ventral view. (4) Male tail, 
ventral view. (5) Male tail, lateral view. (6) Proximal end of spicule, ventral view. (7) Proximal end of spicule, lateral view. (8) Female vulvar 
region, lateral view. (9) Tail of female, lateral view. (10) Egg. Bars: 1 and 3: 100 fLm; 4, 5, 8, and 9: 50 fLm; 6, 7, and 10: 30 fLm; 2: 20 fLm. 
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A NEW CAPILLARIID (NEMATODA) PARASITIZING HETERANDRIA BIMACULATA 
(HECKEL, 1848) (POECILIIDAE) IN MEXICO 
Juan Manuel Caspeta-Mandujano, Guillermo Salgado-Maldonado*, and Gabriela Vazquezt 
Laboratorio de Parasitologfa de Animales Silvestres, Facultad de Ciencias Biol6gicas y Centro de Investigaciones Biol6gicas, Universidad 
Aut6noma del Estado de Morelos. Av. Universidad No. 1001, Col. Chamilpa, C.P. 62209, Cuernavaca, Morelos, Mexico. 
e-mail: caspeta@buzon.uaem.mx 
ABSTRACT: A new nematode species, Freitascapillaria moraveci n. sp., is described; it was obtained from specimens recovered 
from the gall bladder of the 2-spot livebearer Heterandrfa bimaculata (Heckel, 1848) from La Antigua River, State of Veracruz, 
Mexico. The new species is assigned to Freitascapillaria Moravec 1982; it is largely characterized by the posterior end of the 
males, which is laterally expanded witl),out distinct projections. Freitascapillaria moraveci n. sp. differs from the only other 
species of the genus, F. maxillosa, by the absence of wing-like cells at the esophago-intestinal junction, which are present in the 
latter species; stichosoma consists of 30-36 stichocytes (F. moraveci) versus 40-60 stichocytes (F. maxillosa) in both males and 
females and the presence of a well-developed spicule. 
The 2-spot livebearer H. bimaculata (Heckel) (Teleostei: 
Poeciliidae) ranges from Veracruz, Mexico, to Nicaragua, in-
habiting springs, lagoons, rivers, and swampy pools (Miller et 
aI., 2005). Available data regarding its parasites in Mexico sug-
gest a rather limited richness, but include a recently described 
species of cystidicolid nematode, Spinitectus mexicanus (Cas-
peta-Mandujano et aI., 2000; Pineda-L6pez et al., 2005; Sal-
gado-Maldonado, 2006). Examination of this host species cap-
tured from Rio La Antigua in the State of Veracruz, Mexico, 
revealed the presence of a new species of nematode, which is 
described herein. 
MATERIALS AND METHODS 
Fish were collected b.y using an electro-fishing device from La An-
tigua River (l9°24'41"N, 97°00'52"W), State of Veracruz, Mexico. The 
nematodes, recovered from the gall bladder of the fish, were fixed in 
hot 4% formaldehyde and cleared with glycerine for examination. 
Drawings were made with the aid of a Nikon microscope drawing at-
tachment (Y-IDT, Japan). After examination, the specimens were stored 
in vials with 70% ethanol. Three specimens were dried by the critical 
point method for study with a scanning electron microscope. All mea-
surements are given in mm, unless otherwise stated. Type specimens 
have been deposited in the Colecci6n Nacional Helminto16gica del In-
stituto de Biologfa, Universidad Nacional Aut6noma de Mexico 
(UNAM), Mexico City, and in the Colecci6n Parasito16gica de la Univ-
ersidad Aut6noma del Estado de Morelos (UAEM), Mexico. 
DESCRIPTION 
Freistacapillaria moraveci n. sp. 
(Figs. 1-2) 
General: Small nematodes. Head end narrow, rounded (Fig. lA and 
B; Fig. 2A and B). Two bacillary bands present. Stichosoma composed 
of single row of 30-36 stichocytes provided with well-visible large 
nuclei; sometimes 1 darker in males and 2 darker in females, alternating 
with 3-4 lighter ones; stichocytes at posterior part of stichosome sub-
divided into numerous transverse annuli, and sometimes not subdivided, 
mainly in females. Absence of wing-like cells at esophago-intestinal 
junction in both sexes. 
Male (10 specimens, holotype in parentheses): Length of body 2.88-
4.90 mm (2.88), maximum width 0.045-0.057 (0.045). Length of entire 
Received 8 October 2007; revised 13 May 2008, 4 July 2008, 20 
August 2008;; accepted 25 August 2008. 
* Laboratorio de Helmintologfa, Instituto de Biologfa, Universidad Na-
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esophagus 1.45-1.97 (1.45), 31.63-50.34% (50%) of body length, of 
muscular esophagus 0.137-0.187 (0.165), of stichosoma 1.29-1.82 
(1.29); stichocytes 30-32 (30) in number, 1 stichocyte sometimes darker 
in color, alternating with 3-4 lighter ones. Distance of nerve ring from 
anterior extremity 0.042-0.071 (0.042). SpiCUlar sheath nonspiny. 
Length of spicule 0.125-0.145 (0.135). Posterior end of body rounded, 
considerably expanded, forming 2 rounded lateral lobes; width of body 
up to these lobes 0.025-0.028 (0.028), at level of lobes 0.036-0.037 
(0.036). Length of expanded caudal part of body 0.025-0.027 (0.026). 
Caudal lobes containing a pair of lateral papillae. Cloacal opening sub-
terminal, bearing a pair of small subventral adanal papillae (Fig. 1B, 
D, and E; Fig. 2D and E). 
Female (10 specimens, allotype in parentheses): Length of body of 
gravid specimens 9.44-11.68 (9.44) mm, maximum width 0.075-0.077 
(0.075). Length of entire esophagus 2.02-2.93 (2.02) (21-26 (21)% of 
body length), of muscular esophagus 0.200-0.278 (0.278), of sticho-
soma 1.74-2.68 (1.74); stichocytes 32-36 (32) in number, 1-2 sticho-
cytes darker in color, alternating with 3-4 lighter ones. Distance of 
nerve ring from anterior extremity 0.068-0.077 (0.068). Vulva with 
anterior lip elevated, situated 0.137-0.255 (0.137) posterior to end of 
esophagus, 2.31-2.96 (2.31) from anterior extremity; vulvar appendage 
absent. Eggs in uterus numerous, arranged in 1 row. Eggs oval, with 
protruding polar plugs. Egg wall 0.002-0.003 (0.002) mm thick, 2-
layered; outer layer with sculpture on surface. Contents of eggs uncleav-
ed, occupying entire inner space of egg. Size of eggs 0.058-0.061 X 
0.025-0.027, width 0.005-0.006. Posterior end of body somewhat nar-
rowed, rounded; anus subterminal, length of tail 0.010-0.012 (0.011) 
(Figs. lA, 1C, IF-I; Fig. 2C). 
Taxonomic summary 
Type host: Heterandria bimaculata (Heckel, 1884) (Poeciliidae). 
Site of infection: Gall bladder. 
Type locality: La Antigua River, State of Veracruz, Mexico. 
Prevalence and intensity: 22.7% (44 fish examinedl12 fish infected); 
1-11 nematodes. 
Date of collection: August 2005. 
Etymology: The species is named in honor of our dear Mentor, Dr. 
Frantisek Moravec, from the Institute of Parasitology, Academy of Sci-
ences of the Czech RepUblic. 
Deposition of types: Holotype,.allotype, and paratypes in the Institute 
of Biology, UNAM, in Mexico City (CNHE 6283-6284-6285) and Fac-
ulty of Biology, Parasitological Collection of the Universidad Aut6no-
rna del Estado de Morelos, Mexico (COPAUAEM N-170). 
Remarks 
According to Moravec (2001), Capillariidae includes 22 genera, 8 of 
which have been reported parasitizing freshwater fish all over the word, 
including Capillaria Zeder, 1800, Capillostrongyloides Freitas et Lent, 
1935, Freitascapillaria Moravec, 1982, Piscicapillaria Moravec, 1982, 
Paracapillaria Mendon"a, 1963, Paracapillaroides Moravec, Salgado-
Maldonado et Caspeta-Mandujano, 1999, Pseudocapillaria Freitas, 
1 3 4 
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REDESCRIPTION OF INGLISERIA CIRROHAMATA (LiNSTOW, 1888) 
(NEMATODA: ACUARIIDAE), INCLUDING NEW HOSTS AND GEOGRAPHICAL RECORDS 
Julia I. Diaz, Frederic Fonteneau*, Guillermo Panisse, Florencia Cremontet, and Graciela T. Navone 
Centro de Estudios Parasitol6gicos y de Vectores (CONICET-UNLP). Calle 2 #584. 1900 La Plata, Argentina. e-mail: jidiaz@cepave.edu.ar 
ABSTRACT: Inglisera cirrohamata (Lin stow, 1888) (Nematoda: Acuariidae) is redescribed based on specimens collected from 
the type host, Phalacrocorax verrucosus (Aves: Pha1acrocoracidae), and the type locality, Kerguelen Island, in the southern Indian 
Ocean. Three new hosts and 2 new localities were recorded, i.e., Phalacrocorax [a triceps] albiventer and P. brasilianus from 
Puerto Madryn, Argentina and P. magellanicus from Puerto Williams, Chile. The structure of the cephalic ornamentations was 
observed and fully described. The presence of 6 pairs of postcloaca1 papillae is confirmed, a description of the tip of left spicule 
is given, and the presence of post-deirids is reported for the first time. This constitutes the first record of this nematode in South 
America and provides the first study of the genus by scanning electron microscopy. 
Acuariid nematodes are parasitic primarily in birds and more 
rarely in mammals. The genera of this family are classified in 
1 of 3 subfamilies (Acuariinae Railliet, Henry and Sisoff, 1912, 
Seuratiinae Chitwood and Wehr, 1912, or Schistorophinae Tra-
vassos, 1918) on the basis of cephalic characteristics (Chabaud, 
1974). Only 9 genera among acuarids have been assigned to 
the Seuratiinae (Streptocara Railliet, Henry and Sisoff 1912; 
Seuratia Skrjabin 1916, Rusguniella Seurat 1919; Aviculariella 
Wehr 1931; Stegophorus Wehr 1934; Proyseria Petter 1958; 
lngliseria Gibson 1968; Tikunema Hasegawa, Shiraishi and 
Rochman, 1992; and Navonia Diaz, Sepulveda and Kinsella 
2007) (Chabaud, 1974; Diaz et aI., 2007). 
The nematode lngliseria cirrohamata (Linstow, 1888) (Ac-
uariidae: Seuratinae) was originally named as Filaria (Spirop-
tera) cirrohamata on the basis of 1 male and 1 female in a 
poorly preserved condition from the Kerguelen shag Phalacro-
corax verrucosus (Cabanis, 1875) collected in the Kerguelen 
Islands, Indian Ocean'(Cram, 1927; Gibson, 1968). Later, this 
species was transferred to Streptocara (Skrjabin, 1916) and re-
ported in other species of Phalacrocoracidae from tl).e sub-Ant-
arctic region (Johnston and Mawson, 1945, 1953). Subsequent-
ly, Gibson (1968) erected lngliseria (Seuratine) to contain this 
species, based on consideration of the features of the cephalic 
ornamentations, teeth, and deirids (Chabaud, 1974), Ingliseria 
cirrohamata was later reported parasitizing Anseriformes from 
Europe (Brglez, 1982; Kavetska, 2005a, 2005b). To date,/. cir-
rohamata is the only species in the genus. 
Here, we provide a detailed redescription of 1. cirrohamata 
on the basis of new specimens collected from the type host and 
locality, as well as 3 new hosts and 2 new localities. The species 
is studied for the first time by scanning electron microscopy; 
measurements are compared with those given by previous au-
thors, and prevalence and mean intensity are provided. 
MATERIALS AND METHODS 
Two Kerguelen shags, P. verrucosus (Cabanis) (1 adult and 1 juve-
nile), were collected from Kerguelen Island, French Austral Islands in 
the southern Indian Ocean (49°20'S, 69°20'E), in January and February 
2006, respectively. In addition, at irregular intervals from 1997 to 2006, 
8 imperial cormorants, P. [atriceps] albiventer King, and 2 Neotropical 
Received 25 June 2008; revised 4 August 2008, 18 August 2008; 
accepted 26 August 2008. 
* UMR 6553 Ecobio CNRS, Universite de Rennes I, Campus de Beau-
lieu, A venue du General Leclerc, 35042 Rennes Cedex, France. 
t Centro Nacional Patagonico (CONICET), Boulevard Brown 2825, 
U9120ACF Puerto Madryn, Argentina. 
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cormorants, P. brasilianus (Gmelin 1789), were collected on different 
beaches of the north Patagonian Gulves (42°04'-42°53'S, 63°21 '-
65°04'W), Chubut Province, Argentina. Six Magellanic cormorants, P. 
magellanicus (Gmelin 1789), from Puerto Williams, XXI Region de 
Magallanes y de la Antartida Chilena, Chile (54°56'S, 6r37'W) were 
collected in 1995. All birds were dissected and the viscera and pellets 
were examined using stereomicroscopy. Nematodes were removed from 
the esophagus, fixed in 10% formalin, and stored in 70% alcohol. Spec-
imens were cleared in 25% glycerine alcohol, observed using a light 
microscope (LM) (Olympus BX51, Olympus, Tokyo, Japan), and illus-
trated with the aid of a drawing tube. Six specimens were dehydrated 
in a graded series of alcohols, dried using the critical point method, 
examined using a Jeol® JSV 6063 LV, (Jeol, Tokyo, Japan) scanning 
electron microscope (SEM), and photographed. Measurements are given 
in micrometers, except when otherwise indicated, with the mean fol-
lowed by the range in parentheses. Voucher specimens were deposited 
in the Helminthological Collection of the Museo de La Plata (CHMLP), 
La Plata, Argentina. 
REDESCRIPTION 
Ingliseria cirrohamata 
(Figs. 1-13; Tables I, II). 
Diagnosis: Acuarioidea, Acuariidae, Seuratiinae. Cuticle with fine 
transversal striations. Anterior end rounded (Figs. I, 7, 10), pseudolabia 
well developed. Cephalic papillae at level of amphids located at short 
distance posterior to oral opening (Fig. 8). Each pseudolabium bears 
pronounced apical process with a pair of strong tooth-like structures at 
base. Cephalic ornamentation appears as 4 prolongations-like smooth 
cordons which arise in commissures of buccal lips and end on lateral 
surfaces of pseudo labia without anastomosing (Figs. 8, 9). Anterior to 
those and just posterior to cephalic papillae, cuticle of pseudolabia di-
vided into 12-18 blunt, lappet-like teeth, forming 4 scalloped cordons 
from oral opening to midlines of each pseudolabium (Figs. 8, 9). Deep 
groove between smooth cordons and scalloped cordons, forming a collar 
laterally interrupted over each pseudolabium (Fig. 7). Short buccal cap-
sule lined with fine transverse striations (Fig. 1). Conspicuous tricuspid 
deirids located anterior to nerve-ring at level of buccal capsule-esoph-
agus junction. Esophagus divided into muscular and glandular portions. 
Lateral alae well developed (Fig. 6), extending from immediately pos-
terior to deirids (Fig. 7), diminishing in size, and terminating near pos-
terior end of body. Small post-deirids located close to lateral alae at end 
of second quarter of body (Fig. 10). 
Precloacal papillae closely disposed; first and third pairs smaller than 
second and fourth pairs (Fig. 2). Six pairs of postcloacal papillae, first 
pair located just posterior to cloaca; next 2 pairs close to each other 
and to first pair; final 3 pairs located near tip of tail and considerably 
distant from others (Fig. 2). Last 2 pairs smaller than others. Phasmids 
lie just mid-ventrally to fifth pair of papillae. Last pair of papillae very 
small and located close to tip of tail (Figs. 2, 11). 
Left spicule consists of cylindrical proximal portion and guttered dis-
tal part, each representing 50% of total spicule length (Fig. 3). Tip of 
left spicule formed by spiraled cap-like spatula with 2 membranous 
borders and foramen in dorsal side (Figs. 12, 13). 
Vulva located commonly 52%-56% of total length of body from 
anterior end. Vagina divided in vagina vera and uterina, 69 (50-87) and 
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FIGURES 1-5. Ingliseria cirrohamata from Phalacrocorax (a.) albiventer from the Patagonian coast. (1) Anterior extremity showing cephalic 
collarette laterally interrupted, deirid, buccal capsule, and nerve ring; ventral view. (2) Caudal region of male showing caudal alae and papillae 
arrangement; ventral view. (3) Left and right spicules; left-lateral view. (4) Vulva, vagina, and eggs. (5) Posterior extremity of female. Scale bars 
= 100 !Lm. 
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275 (200-350), respectively (Fig. 4). Tail of female conical, anus ven-
trally located (Fig. 5). 
Taxonomic summary 
Host: Phalacrocorax verrucosus (Cabanis 1875) (Aves: Phalacrocor-
acidae). 
Locality: Kerguelen Island, French Austral Islands, Indian Ocean. 
Abundance: 149 adults and 58 larvae from 1 host. 
Specimens deposited: CHMLP (5862). 
Other hosts and prevalences (P): Phalacrocorax [atricepsl albiventer 
King, (P = 87.5%), (CHMLP 5863), P. brasilianus (Gmelin 1789), (P 
= 50%), (CHMLP 5864) and P. magellanicus (Gmelin 1789) (P = 
12.5%). 
Other localities: San Jose Gulf and Nuevo Gulf, Chubut Province, 
Argentina, and Puerto Williams, XXI Regi6n de Magallanes y de la 
Antartida Chilena, Chile. 
Remarks 
Present specimens can be assigned to the Seuratiinae Chitwood and 
Wehr, 1932 on the basis of the cordons extending transversely on the 
cephalic region forming a collarette (Chabaud, 1974). Among the gen-
era in the subfamily, ingliseria is unique in that the cephalic collarette 
is interrupted on the lateral lines. 
Previous contributions regarding this acuarioid had been based on a 
few, or on poorly preserved, specimens (Gibson, 1968). In the present 
study, a large number of specimens from both host and locality types 
were analyzed, allowing for a detailed redescription of the species. The 
comparison between specimens coming from different hosts and local-
ities also suggests a great morphological stability of ingliseria cirro-
hamata. 
Despite some meristic discrepancies that were observed between 
specimens from different host species, the morphology of present spec-
imens fully agrees with descriptions given by other authors for i. cir-
rohamata. Some discrepancies have been reported with reference to 
papillae in the male. Linstow (see Gibson, 1968) and Johnston and 
Mawson (1953) reported 5 pair of postcloacal papillae, while Johnston 
and Mawson (1945) did,not describe males. In the present report, the 
presence of 6 pairs of postcloacal papillae is confirmed, as was sug-
gested by Gibson (1968). Moreover, the post-deirids and the measure-
ments of the vagina vera and vagina uterine are reported for the first 
time. • 
The single male recovered from P. magellanicus is shorter than the 
other specimens; however, the relationship between the total body 
length and the length of different structures, e.g., buccal capsule, esoph-
agus, and tail, is similar. Additionally, the length of spicules in this 
specimen is similar to other males studied. 
DISCUSSION 
The present report extends the host and geographical distri-
bution of I. cirrohamata with 3 new host species in 2 new 
localities (P. [a.] albiventer and P. brasilianus from Puerto 
Madryn, Argentina, and P. magellanicus from Puerto Williams, 
Chile). These constitute the first records of this nematode in 
South America and provide the first study of the genus using 
the scanning electron microscopy. 
Most of the hosts of I. cirrohamata belong to the Phalacro-
coracidae in the sub-Antarctic Region (Johnston and Mawson, 
1945, 1953; Gibson, 1968; present study), suggesting both a 
high host specificity and a circumpolar distribution of the spe-
cies. Some authors have reported this acuariod parasitizing 
freshwater hosts, e.g., Anseriformes in Eurasia (Brglez, 1982; 
Kavetska, 2005a, 2005b). Because the authors did not provide 
a detailed description of the studied specimens, the nematodes 
were not available; moreover, 2 of these cases were found in 
the intestine (Kavetska, 2005a, 2005b), making it unlikely that 
they belong to I. cirrohamata. Confirmation of these records is 
needed. 
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To date, only 3 acuariid species had been reported parasit-
izing seabirds along Patagonian coasts, i.e., Cosmocephalus ob-
velatus Creplin, 1825 from the Magellanic penguin Spheniscus 
magellanicus Forster, Paracuaria adunca (Creplin, 1846) from 
the kelp gull Larus dominicanus Lichtenstein, and Stegophorus 
diomedeae (Johnston and Mawson, 1942) from the albatross 
Thalassarche melanophris (Temminck) (Diaz et aI., 2001; 
2004; Cremonte et aI., 2002). Cosmocephalus spp. from the 
penguins Spheniscus humboldti Mayen and Eudyptes chryso-
come Forster, and Navonia pterodromae Diaz, Sepulveda and 
Kinsella, 2007 from the petrels Pterodroma externa (Salvin) 
and P. neglecta (Shlegel), are the only acuariods reported in 
marine birds from Chilean coasts (Hinojoza-Saez and Gonza-
lez-Acuna, 2005; Diaz et aI., 2007). Among them, only S. di-
omedeae and N. pterodromae belong to the Seuratinae; thus, 
the present study constitutes the third report of a Seuratiinae 
parasitizing seabirds from South America. 
In this investigation, we accepted the classification proposed 
by Chabaud (1974) and assigned the specimens to Seuratiinae. 
However, we believe that, considering the new technological 
tools that allow us to observe in greater detail, the morphology 
and the diagnostic features in each group must be reviewed. 
Additionally, molecular analyses could help clarify the evolu-
tionary relationships among groups in the family. 
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A NEW PHILOMETRID SPECIES (NEMATODA) FROM THE FRESHWATER FISH 
CICHLASOMA ISTLANUM (JORDAN AND SNYDER, 1899) (CICHLIDAE) IN MEXICO 
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ABSTRACT: A new nematode species, Philometra poblana n, sp" is described based on specimens recovered from skin at the 
base of the pectoral fins of the cichlid Cichlasoma istlanum (Jordan and Snyder, 1899) from the water spring EI Borbollon, in 
the State of Puebla, Mexico, The new species most closely resembles Philometra gymnosardae and Philometra ophisterni; 
however, P, poblana can be easily differentiated from the other species by the length of gravid females (7,10-10.43 vs, 14,8-
27,0 and 28,67-39.30 mm, respectively), length of caudal projections (0.015-0.023 vs. 0.047 and 0.006-0.009 mm high, respec-
tively), site of infection (skin at base of pectoral fins vs. abdominal cavity, both species), and the host species (Cichlidae vs. 
Synbranchidae and Scombridae), 
The "mojarra criolla," Cichlasoma istlanum (Jordan and 
Snyder) (Cichlidae), is an endemic fish of Mexico that is dis-
tributed in the states of Guerrero, Michoacan, Morelos, and 
Puebla, inhabiting springs, lagoons, rivers, and swampy pools 
(Miller et aI., 2005). Available data regarding its parasites in 
Mexico suggest a rather limited richness, including 4 species 
of adult nematodes, i.e., Dichelyne mexicanus Caspeta-Man-
dujano, Moravec et Salgado-Maldonado, 1999, Goezia noni-
papillata Osorio-Sarabia 1982, and Rhabdochona kidderi 
Pearse 1936 (Caspeta-Mandujano, 2005; Salgado-Maldonado, 
2006). Examination of this host species captured from the water 
spring EI Borbollon, in the State of Puebla, Mexico, revealed 
the presence of a new philometrid species (Nematoda), which 
is described here, 
MATERIALS AND METHODS 
During December 2007 and January-February 2008, 30 specimens 
of the cichlid Cichlasoma istlanum were examined; fishes were col-
lected using an electro-fishing device from the water spring El Borbol-
lon, State of Puebla, Mexico (l8°29'76"N, 98°34' 46"W). The nematodes 
recovered from skin at the base of the pectorals fins were washed in 
physiological saline. They where fixed in hot 4% formaldehyde and 
cleared with glycerin for examination. Drawings were made with the 
aid of a Nikon microscope drawing attachment. After examination, the 
specimens were stored in vials with 70% ethanol. Three specimens were 
dried by the critical point method for study with a Hitachi S2460N 
scanning electron microscope. All measurements are given in mm un-
less otherwise stated. Type specimens have been deposited in the Co-
lecci6n Nacional Helmintol6gica del Instituto de Biologfa, Universidad 
Nacional Aut6noma de Mexico (UNAM), Mexico City, and in the Co-
lecci6n Parasitol6gica de la Universidad Aut6noma del Estado de Mo-
relos (UAEM), Mexico. 
DESCRIPTION 
Philometra poblana n. sp. 
(Figs. 1,2) 
Gravid female, based on 3 specimens (measurements of allotype in 
parentheses): Length of body of specimens containing larvae filiform, 
7.10-10.43 (10.35); maximum width 0.268-0.320 (0.320); whitish, al-
Received 2 July 2008; revised 28 July 2008; accepted 3 September 
2008. 
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most cylindrical. Cuticle thin, annulated (Fig. 2A). Cephalic end round-
ed; cephalic papillae small, almost indistinct in lateral view (Figs. IF, 
2B), Oral aperture oval or almost circular, with 3 lobular sectors of 
esophagus (Fig. 2C). Oral aperture surrounded by 2 lateral amphids and 
minute submedian cephalic papillae arranged in 2 circlets; inner circlet 
formed by 4 single papillae; outer circlet formed by 8 papillae arranged 
in 4 pairs; paired papillae rather far from each other (Fig. 2B). Anterior 
end of esophagus forms conspicuous, strongly muscular spherical bulb, 
well separated from cylindrical portion of esophagus; bulb 0.040-0.045 
(0.040) long and 0.052-0.061 (0.056) wide (Fig. lA-C). Greater pos-
terior portion of esophagus cylindrical, with prominent dorsal esopha-
geal gland extending anteriorly well anterior to level of nerve ring and 
posteriorly to small ventriculus measuring 0.027-0.040 by 0.025-0.031 
(0.280 by 0,037) (Figs, lA, B). Entire esophagus 1.14-1.25 by 0.081-
0.112 wide, representing 11.78-16.05% (11.98%) of body length; 
length of gland 1.080-1.156 (1.150 mm), maximum width 0.062-0.090 
(0.087); esophageal gland provided with relatively small nucleus located 
at about mid-level (Fig. IA). Esophageal valve well developed. Nerve 
ring 0.112-0.143 (0.143) from anterior extremity. Intestine narrow, dark 
brown, straight, with its posterior end atrophied, forming thin ligament 
0.050-0.143 long, attached ventrally to body wall near posterior ex-
tremity. Posterior end of body rounded, bearing 2 conspicuous, papilla-
like lateral (almost terminal) projections 0.015-0.023 (0.023) high and 
0.020-0.021 (0.021) wide (Figs. ID, E, I, J, 2D-G). Vagina and vulva 
absent. Anterior ovary reaching anteriorly up to level of nerve ring; 
posterior ovary not reaching posteriorly to level of intestine ligament. 
Uterus occupying most space in body, extending anteriorly to esophagus 
region and posteriorly not reaching to level of ligament; uterus filled 
with numerous larvae, 0,262-0.312 long and 0,013-0.016 wide (Figs. 
lG, H, 2H). 
Subgravid females (based on 7 specimens): Body elongate, whitish, 
with smooth cuticle. Body of specimens with eggs in uterus 3.62-7.10; 
maximum width 0.188-0.268. Cephalic end rounded with 3 lobular sec-
tors of esophagus outer 0.006-0.007 high. Oral opening surrounded by 
minute cephalic papillae. In 2 specimens, 3 esophageal sectors were 
protruding out of mouth (Fig. IB). Anterior end of esophagus forming 
conspicuous spheroid bulb, separated from cylindrical portion of esoph-
agus; bulb 0.028-0.038 long and 0.025-0.038 wide. Entire esophagus 
0.665-0.918 long, 0.0.046-0.103 wide, representing 13.29-18.37% of 
body length. Ventriculus 0,018-0.040 by 0.015-0.032; esophageal gland 
0.612-0.825 long and 0.037-0.075 wide. Nerve ring 0.106-0.118 from 
anterior extremity. Intestinal ligament 0.050-0.075 long. Posterior end 
of body rounded, but with small reduction provided with 2 subterminal 
papilla-like projections 0.012-0.030 high and 0.013-0,027 wide (Figs. 
2F, G). Vagina and vulva absent. Ovaries tubular, reflected, situated near 
body ends. Uterus containing numerous, almost spherical eggs 0.031-
0.37 in diameter. 
Male: Unknown. 
Taxonomic summary 
Type host: Cichlasoma istlanum (Cichlidae) (total body length 40-
60 mm). 
Site of infection: Skin at the base of the pectoral fins. 
Type locality: Water spring El Borbollon, State of Puebla, Mexico. 
404 THE JOURNAL OF PARASITOLOGY, VOL. 95, NO. 2, APRIL 2009 
A c 
E 
G H 
ll) 
o 
. 
o 
J 
• • 
.~. 
• • 
N 
o 
o 
p., canning 
f gra id ~ rnal , 
CASPETA-MANDUJANO ET AL.- PHILOMETRA POBLANA N. SP. 405 
f gra id fernal ; (8 ) anleri r 
id fernal ,lal ral and nlral 
ale bar in rnrn. 
406 THE JOURNAL OF PARASITOLOGY, VOL 95, NO.2, APRIL 2009 
Date of collection: December 2007, January and February 2008. 
Prevalence and intensity: Thirty fishes examined, 6 infected; 1-4 
nematodes. 
Etymology: The specific epithet relates to the Mexican State of Pueb-
la, where it was discovered. 
Deposition of types: Allotype and paratypes in the Institute of Biol-
ogy, UNAM, in Mexico, City, D.E (CNHE 6286-6287) and paratypes 
in the Faculty of Biology, Parasitological Collection of the Universidad 
Aut6noma del Estado de Morelos, Morelos, Mexico (COPAUAEM 
N-200). 
Remarks 
The Philometridae Baylis et Daubney, 1926 includes a large number 
of species parasitic mainly in the abdominal cavity and various body 
tissues of freshwater and marine fishes (Moravec et al., 2002). Since 
minute males of many species and genera are 'unknown, the present 
classification of this difficult group of nematode parasites is principally 
based on female morphology (Rhasheed, 1963; Ivashkin et aI., 1971; 
Chabaud, 1975; Moravec and Shaharom-Harrison, 1989). 
According to Moravec (2006), Moravec and Salgado-Maldonado 
(2007), Moravec et aI. (2007), and Quiazon et aI. (2008), Philometra is 
composed of 72 nominal species. Of these, 24 have been reported from 
freshwater fishes allover the world; however, the new species can be 
differentiated from all of these by the 2 large caudal projections, ex-
cepting Philometra gymnosardae Moravec, Lorber, et Konecny, 2007 
and Philometra ophistemi Moravec, Salgado-Maldonado, et Aguilar-
Aguilar, 2002; however, P. poblana n. sp. differs from these two similar 
species by the length of body (14.8-27.0 mm vs. 7.10-10.43 mm), 
length of larvae (0.120-0.150 mm vs. 0.262-0.312 mm), the environ-
ment (marine vs. freshwater), and from the latter by the body size 
(28.67-39.30 mm vs. 7.10-10.43 mm), length of caudal projections 
(0.006-0.009 high vs. 0.015-0.023 high), site of infection (abdominal 
cavity vs. skin at base of pectoral fins), and the host species (Cichlidae 
vs. Synbranchidae). 
Zoogeographically, l3 species of Philometra, 8 from the Nearctic (P. 
carolinensis Moravec, de Buron, et Roumillat, 2006; P. cylindracea 
(Ward et Magath, 1917); P. cynoscionis Moravec, de Buron, et Roum-
illat, 2006; P. kobuleji-MQlmir et Fernando, 1975; P. overstreeti Mo-
ravec et de Buron, 2006; P. rubra (Leydi, 1856); P. saltatrix Rama-
chandran, 1973; and P. translucida Walton, 1928) and 5 from the Neo-
tropics (P. baylisi Vaz et Pereira, 1934; P. mexicana Moravec et Sal-
gado-Maldonado, 2007; P. neptomeni Mateo, 1972; P. ophistemi, and 
P. salgadoi Vidal-Martinez, Aguirre-Macedo, et Moravec, 1995) have 
been reported. However, P. poblana can be separated from all of them 
in its possession of larger caudal projections. By possessing a well-
developed anterior esophageal bulb and 2 distinct projections, P. pob-
lana resembles 17 species of Philometra gravid females: P. biglobo-
cerca Belous, 1965; P. coreii Yu et Wang, 1997; P. cylindracea (Ward 
et Magath, 1916); P. gimnosardae; P. gobioboti Yu et Wang, 1997; P. 
hyderabadensis Rasheed, 1963; P. karunensis Pazooki et Molmir, 1998; 
P. kotlani (Molnar, 1969); P. madai Quiazon Yoshinaga et Ogawa, 
2008; P. mexicana; P. obturans (Prenant, 1886); P. ocularis Moravec, 
Ogawa, Suzuki, Miyazaki, et Donai, 2002; P. ophistemi; P. ovata (Zed-
er, 1803); P. parasiluri Yamaguti, 1935; P. polynemii Rasheed, 1963; 
and P. salgadoi. Although most of these species occur in freshwater 
fishes (except P. madai, P. ocularis, P. polynemii, P. mexicana, and P. 
salgadoi) none of them is a parasite of the skin. 
By considering the site of infection of the 72 nominal species so far 
recorded, 13 have been reported from the subcutaneous tissues and fins: 
P. bagri (Khalil, 1965); P. beninensis Obiekezie, 1986; P. cynoscionis 
Moravec, de Buron, et Roumillat, 2006; P. kohnae Moravec et Rohde, 
1992; P. lomi Moravec et Rohde, 1992; P. oreoleucisci Moravec et 
Ergens, 1970; P. pinnicola Yamaguti, 1941; P. plotosi Moravec et Na-
gasawa, 1989; P. rischta Sktjabin, 1917; P. sebastodis Yamaguti, 1914; 
P. strongylurae Moravec et Ali, 2005; P. sydneyi Rasheed, 1963; and 
P. tylosuri Moravec et Ali, 2005. By possessing a well-developed an-
terior esophageal bulb, the new species resembles 7 of them (P. beni-
nensis, P. cynoscionis, P. kohnae, P. pinnicola, P. plotosi, P. sebastodis, 
and P. strongylurae); however, the new species can be easily distin-
guished by the presence of the caudal projections. Although, P. bagri, 
P. oreoleucisci, P. rischta, and P. tylosuri possess a well-developed 
anterior esophageal bulb and 2 distinct projections, P. poblana differs 
from them in possessing larger caudal projections, except compared 
with P. bagri, which differs from the new species in the number of 
cephalic papillae and the length of female body, being smaller in the 
latter species (20.0-31.0 vs. 7.10-10.43 mm, respectively). Philometra 
lomi and P. sydneyi differ from P. poblana by lacking a well-developed 
anterior esophageal bulb and the 2 distinct projections. 
Three species of Philometra have been reported parasitizing fishes in 
Mexico, 1 from freshwater (P. ophistemi) and the remaining species 
from marine systems (P. salgadoi and P. mexicana). However, the new 
species can be differentiated from these species by the larger caudal 
projections of females. In addition, they have been recorded from dif-
ferent sites of infection, i.e., mesentery and ocular cavity vs. under skin 
at the base of the pectoral fins. 
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A NEW SPECIES OF CAMALLANIDAE FROM AGENEIOSUS UCA YALENSIS 
(PISCES: SILURIFORMES) FROM PARA STATE, BRAZIL 
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ABSTRACT: Procamallanus (Spirocamallanus) belenensis n. sp. is described using light and scanning electron microcopy, based 
on specimens taken from Ageneiosus ucayalensis, Castelnau, 1855 (Pisces: Siluriforme), a freshwater fish commonly called 
mandube, in Para State, Brazil; Procamallanus (Spirocamallanus) rarus is recorded from the same host. To our knowledge there 
are no previous reports of nematodes from this fish species. Procamallanus (S.) belenensis is characterized by the presence of 
8-13 cuticular spiral thickenings coating 2/3 of posterior region of the buccal capsule of males and females (the anterior third is 
smooth); small sub-equal spicules; 3 and 4-5 pairs of pre- and post-cloacal papillae, respectively; the proportion of muscular 
and glandular esophagus is I: 1.5-2; malt;.s present 2 spike-like projections at the tail tip, which are absent in females by light 
microscopy. The most closely related species are Procamallanus (Spirocamallanus) inopinatus and Procamallanus (Spirocamal-
lanus) pintoi, The new species differs from the most closely related species by the presence of 8-10 cuticular spiral thickenings 
in the buccal capsule of males and 9-13 in the females, 8 pairs of male clocal papillae (3 pre- and 5 post-cloacal, respectively), 
and only males bearing 2 minute, spike-like projections at the posterior end. 
The subgenus Spirocamallanus Moravec and Sey, 1988, is 
characterized by the presence of a thick-walled buccal capsule 
in which the inner surface is provided by a variable number of 
spiral cuticular thickenings (ridges) in both males and females. 
The majority of the known species are described from South 
American fishes, and the presence of more than 1 species in 
the same host is usual (Travassos et al., 1928; Pinto and Fer-
nandes, 1972; Pinto et al., 1976; Kohn and Fernandes, 1988). 
The purpose of the present paper is to record camallanid par-
asites of Ageneiosus ucayalensis Castelnau 1855 and to de-
scribe a new species of this freshwater fish. 
MATERIALS AND METHODS 
One-hundred and fifty-two A. ucayalensis were acquired from a river 
fisherman, from November 2006 to December 2007. Fish were carried 
alive in plastic containers to the laboratory, necropsied; and worms 
collected alive; parasites were rinsed in PBS and fixed in AFA at 60 C, 
then stored in the same solution. For light microscopy, worms were 
cleared in lactophenol and examined using an Olympus BX41 micro-
scope and photographed with an Olympus digital camera; figures were 
drawn with the aid of an Olympus drawing tube. Measurements are 
given in micrometers unless otherwise indicated, as the mean and stan-
dard deviation, with range in parentheses and ho1otype (/H) and allotype 
(fA). Ten intrauterine microfi1ariae were also measured. 
For scanning electron microscopy, worms were rinsed in PBS, post-
fixed in osmium tetroxide, dehydrated in ethanol series, critical point 
dried, mounted on a metallic stub, gold sputtered, and analyzed and 
micrographed using a Jeol JSM-531O scanning electron microscope. 
Paratypes and holotypes observed and examined for comparative 
analyses included Procamallanus pexatus CHIOC 31088a-b and 
h31090a-c; Procamallanus pintoi CHIOC 32430b, CHIOC 32431 b, and 
CHIOC 32432b; Procamallanus probus CHIOC 30644a-b, CHIOC 
31028a-c, and CHIOC 31026a-c; Procamallanus rarus CHIOC 
31027a-b; and Procamallanus inopinatus CHIOC 31317, 31324, and 
31348; and kept in glycerin-ethanol: 16400, 16403, 16399, 16405 (P. 
inopinatus) from the Co1e"ao He1minto1ogica do Instituto Oswaldo 
Cruz-Funda"ao Oswa1do Cruz, Brazil. 
Received 5 May 2008; revised 9 September 2008; accepted 22 Sep-
tember 2008. 
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RESULTS 
From 152 examined fishes, 34 (22.2%) were parasitized by 
Procamallanus (Spirocamallanus) species. The morphological 
and morphometric analyses allowed the identification of Pro-
camallanus (Spirocamallanus) rarus (Travassos and Artigas 
1928), agreeing with the original species description. The par-
asitism by P. (S.) rarus was 5.2%. The second species present 
in 19.73% of the A. ucayalensis intestines is described below 
via light and scanning electron microscopy. 
DESCRIPTION 
Procamallanus (Spirocamallanus) belenensis n. sp. 
(Figs. 1-22) 
General: Medium-sized nematode, reddish when collected, cuticle 
with transverse striations (Figs. 7a-b, 15-17, 20-21). Mouth aperture 
hexagonal, dorso-ventrally elongated, with 8 papillae in 2 concentric 
circlets of 4 and 2 lateral amphids (Figs. 7, 8, 11). Orange-brown buccal 
capsule longer than wide, thick-walled, with simple, well-developed 
basal ring; internally sustained by 8 elongated internal supports (Figs. 
1, 2, 12). Inner surface of capsule provided with spiral thickenings 
(ridges) in lateral view, up to 2/3 of posterior inner surface. Muscular 
esophagus, usually shorter than glandular. Deirids small, situated pos-
terior to basal ring of oral capsule (Figs. 1,2, 7a) and ventral excretory 
pore posterior to them (Figs. 1, 7b). 
Males (based on 8 paratypes and holotypelH): Length of body 4.6 
::': 0.87 (3.5-6.5 mm/H 4.8 mm), maximum width 189.62 ::': 22.45 (142-
210 jJ.m/H 210 jJ.m). Buccal capsule including basal ring 65.37 ::': 6.54 
(55-75 jJ.m/H 55 jJ.m) long and 60::': 6.35 (50-70 jJ.m/H 50 jJ.m) wide. 
Number of spiral ridges 8-1O/H 9 (Fig. 1). Length of muscular esoph-
agus 249.62 ::': 23.52 (219-285 jJ.m/H 245 jJ.m), width 86.75 ::': 10.37 
(73-95 jJ.m/H 85 jJ.m); length of glandular esophagus 447 ::': 42.6 (410-
520 jJ.m/H 450 jJ.m), width 110 ::': 14.9 (100-145 jJ.m/H 145 jJ.m). Ratio 
of glandular and muscular esophagus lengths 1:1.5-2.0 (H 1:1.8). Deir-
ids 111.8 ::': 24.6 (76-130 jJ.m/H 96 jJ.m), nerve ring 168.62 ::': 
14.7(150-200 jJ.m/H 160 jJ.m), and excretory pore 245 ::': 33.9 (200-
295 jJ.m/H 250 jJ.m), respectively, from anterior extremity (Figs. 1, 7a, 
7b). Posterior region slightly ventrally curved without caudal alae (Fig. 
2). Caudal sub-ventral sessile papillae; 3 pairs of pre-cloacal and 4-5 
pairs of post-cloacal papillae (Fig. 2); and by SEM, 3 pairs of pre-
cloacal, 1 pair ad-cloacal, and 4-5 pairs of post-cloacal papillae (Figs. 
15, 16, 17), phasmids lateral and posteriorly the last pair of caudal 
papillae (Fig. 17). Spicules similar in shape, poorly sclerotized, slightly 
unequal in length with pointed distal ends (Figs. 3, 4, 17, 19). Larger 
(right) spicule 66.37 ::': 7.73 (58-80 jJ.m1H 60 jJ.m) long; small spicule 
60.12 ::': 9.5 (50-75 jJ.m/H 50 jJ.m) long. Gubernaculum absent. Length 
of conical tail, bearing 2, minute, spike-like cuticular projections at the 
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TABLE I. Comparative morphometric data of P. (S.) belenensis n. sp. and the most related species: P. (S.) inopinatus (Travassos et aI., 1928) and 
P. (S.) pintoi (Kohn and Fernandes, 1988).* 
P. (S.) belenensis n. sp. P. (S.) inopinatus P. (S.) pintoi 
Character Male Female Male Female Male Female 
Length (mm) 3.5-6.5 10.4-25 5.12 16-30 4.67 21.8-26 
Width 142-210 320-450 240 800 250 950-1,160 
Oral ridge 8-10 9-13 15 15 6 9-10 
Oral capsule L 55-75 85-111 90 120 54 60-71 
Oral capsule W 50-70 80-107 45 49-56 
Excretory pore 200-295 226-421 320 320 156 300 
Nervous ring 150-200 200-275 250-320 250-320 112 120 
Muscular oe. 219-285 340-410 360 450 228 266-296 
Glandular 410-520 530-740 560 760 587 862-1,045 
Large spicule 58-80 120 94 
Small spicule 50-75 120 82 
Pre-c papillae 3 2 4 
Post-c papillae 4-5 6 2 
Vulva 5.8-13.6 mm 7.9mm 
Tail 160-210 150-285 200 200 120 223-392 
Hosts A. ucayalensis Leporinus sp. Coridoras paleatus 
Type locality Guajara Bay, Para, Brazil Machado River, Rondonia, Brazil Igua~u River, Parana, Brazil 
* Measurements in micrometers unless indicated. Abbreviations: L: length, W: width, Oe: esophagus, Pre-c papillae: pre-cloacal papillae, Post-c papillae: Post-cloacal 
papillae. 
[.Lm). Ratio of muscular and glandular esophagus lengths 1:1.2-2.0 (A 
1:1.97). Deirids 148.5 ± 35.6 (110-205 [.LmlA 115 [.Lm), nerve ring 
228.1 ± 25.9 (200-275 [.LmlA 275 [.Lm), and excretory pore 363.2 ± 
57.82 (226-421 [.LmlA 376 [.Lm), respectively, from anterior extremity 
(Fig. 2). Vulva post-equatorial, 9.42 ± 2.61 (5.8-13.6 mmlA 11 mm), 
from anterior extremity. Vagina muscular, directed posteriorly from vul-
va (Fig. Sa). Viviparous:but few presented only developed eggs inside 
uterus, length of intrauterine" larvae 560 ± 29.5 [.Lm (Fig. 5b). Phasmids 
on the lateral line a mid-distance from the anus and tail tip (Figs. 20-
21). Short rounded tail 207.8 ± 51.3 (150-285 [.LmlA 1.85 [.Lm) long, 
ending with a single digit-like cuticular projection (Figs. 6, 20, 21). 
Comparison of genders by scanning electron microscopy: Anterior 
region morphology of males and females similar, with females slightly 
larger. Anterior end with smooth cuticle; hexagonal mouth opening sur-
rounded by cuticular rim (Figs. 7, 8, 11, 14) that presents a fringe-like 
appearance (Figs. 9, 10); external to rim, 1 dorsal and ventral median 
teeth with pore-like aperture on distal end, directed to mouth opening 
(Fig. 11). 
This structure adjacent to rounded protuberances, each bearing pock-
et-like cephalic papilla on base, directed toward oral aperture (Fig. 11); 
another papilla observed just posterior, forming 2 concentric circlets of 
4. One lateral amphid also observed between each pair of rounded pro-
tuberances (Figs. 8, 11). Posterior region of oral cavity lined by cutic-
ular spiral thickenings (ridges), presenting serrated margins (Figs. 13, 
14); anterior region smooth without ridges (Fig. 14); inner surface of 
oral basal ring also serrated (Fig. 13), without tooth at base of oral 
capsule; triradiate esophageal entrance also observed (Fig. 13). When 
anterior end contracted, surface shows 8 elongated internal supports 
(Fig. 12). Body cuticle presented transverse striations (Figs. 7a-b, 15, 
17, 20, 21); this pattern altered around deirids and excretory pore, at 
female anus and vulva, and ventral posterior region of male (Figs. 
7a-b, 20-22). 
Posterior end of male normally ventrally curved with 3 pre-, 1 ad-, 
and 4-5 post-cloacal papillae, respectively, when observed by SEM; 
tail conical, with ventral and dorsal terminal spike-like structures (Figs. 
17-18); tip of 1 spicule also present (Figs. 16, 17, 19). Phasmids lateral, 
near tail at distal end (Fig. 17). Posterior end of female conical with 
digit-like cuticular projection, without spike-like cuticular structures 
(Fig. 20), phamids at lateral line on tail, at mid-distance of anal aperture 
(Figs. 20, 21). Vulva transversal, just posterior mid-body, with thick 
ring, cuticle anterior, and posterior vulvar opening (Fig. 22). 
Taxonomic summary 
Type host: Ageneiosus ucayalensis Castelnau 1855, (Ageneiosidae: 
Siluriformes). 
Site of infection: Intestine. 
Type locality: Baia do Guajara-Belem-Pani (1 °15'S-1 °29'S, 
48°32'W-48°29'W), Brazil. 
Prevalence: 19.73%. 
Intensity: 1-2 (1.12 ± 0.33). 
Deposition of specimens: Holotype, allotype, and paratypes in the 
Cole~ao Helmintologica do Instituto Oswaldo Cruz (CHlOC), Funda~ao 
Oswaldo Cruz, no. CHIOC 35604a-c. 
Etymology: The new species is named after the city where the fishes 
were collected. 
Remarks 
Based on the remarkable features of the buccal capsule, Moravec and 
Thatcher (1997) proposed 5 subgenera of Procamallanus: Spirocamal-
lanus Olsen, 1952, Spirocamallanoides Moravec and Sey, 1988, Den-
ticamallanus Moravec and Thatcher, 1997, Procamallanus Baylis, 1923, 
and Punctocamallanus Moravec and Scholz, 1991. Most species of Pro-
camallanus (Spirocamallanus) are parasites of freshwater and marine 
habitats in South America and are characterized by the presence of a 
cuticular spiral thickenings (ridges) in both males and females, although 
they can be present only in part of the inner surface with the anterior 
third smooth. Besides the buccal capsule features, the morphometry of 
the spicules are also used to differentiate subgenera and species of Pro-
camallanus (Pinto et. aI., 1976). 
The new species described herein belongs to the subgenus Spiroca-
malanus because males and femafes possess a cuticular spiral-thickened 
buccal capsule. Procamallanus (S.) belenensis n. sp. is most closely 
related to P. (S.) inopinatus (Travassos et aI., 1928), and P. (S.) pintoi 
(Kohn and Fernandes, 1988) in that both possess a cuticular spiral thick-
ening in the buccal capsule, covering 2/3 of their inner surface, and 
small and sub-equal spicules, and are parasites of freshwater fish; in 
contrast, it differs from other Procamallanus (Spirocamallanus) species 
by the small size of both spicules and the absence of cauda1.alae. 
The new species differs from P. (S.) inopinatus and P. (S.) pintoi in 
that the caudal tip of males do not present 2 small spike-like projections 
and by the number of caudal papillae, i.e., 2 pairs pre- and 6 post-
cloacal and 4 pairs pre- and 2 post-cloacal, respectively, compared to 3 
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pre-, 1 ad-, and 4-5 post-cloacal papillae of the P. (S.) belenensis n. 
sp. when observed by scanning electron microscopy. They differ in the 
number of cuticular spiral ridges of the buccal capsule, i.e., there are 
15 in both sexes in P. (S.) inopinatus. In addition, it is contrasted from 
P. (S.) pintoi by the proportion of the muscular/glandular esophagus, 
which is 1 :2.3, while in P. (S.) belenensis n. sp. it is 1: 1.5-2.00. Further 
morphometric comparisons can be seen in Table 1. 
Procamallanus (S.) probus (Pinto and Fernandes, 1972) was regarded 
as a synonym of P. (S.) inopinatus by Pinto et al. (1976). Consequently 
we also compared the morphometric and morphological features of its 
description (Pinto and Fernandes, 1972) with the new species and ob-
served that it differs by the number of cuticular spiral thickenings, i.e., 
14 in males and 16-23 in females, by the morphology and function of 
the small spicule that acts as gubernaculums, which guides the larger 
spicule during copula, and the number and disposition of the caudal 
papillae, i.e., 10 pairs, with 3 pre-, 1 ad-, and 6 post-cloacal. 
Few species of Procamallanus have been analyzed in detail by scan-
ning electron microscopy. In the present study this technique confirmed 
morphological features of P. (S.) belenensis n. sp. observed by light 
microcopy and added several details of its surface. 
Via SEM of P. (S.) belenensis n. sp., the oral aperture was seen to 
be hexagonal, similar to P. (S.) inopinatus, but differing from P. (S.) 
pintoi, where it is rounded (Moravec and Thatcher, 1997). In Proca-
mallanus (Spirocamallanus) halithophus (Fusco and Overstreet, 1978; 
Cardenas and Lanfredi, 2002) and Procamallanus (Spirocamallanus) 
anguillae (Moravec et aI., 2006), also described by SEM, the oral ap-
ertures are oval to rectangular. The cuticular lining of the oral capsule 
of P. (S.) belenensis n. sp. possesses serrated spiral ridges; the basal 
ring also serrated. This feature and the fringe-like margins of the oral 
aperture were not previously observed in Procamallanus (Spirocamal-
lanus) species. As observed in P. (S.) halitrophus (Cardenas and Lan-
fredi, 2002), the esophageal aperture at the base of the oral capsule of 
P. (S.) belenensis n. sp. is triradiate. The internal cephalic papillae of 
P. (S.) belenensis n. sp. presented a pocket-like aperture directed toward 
the oral aperture, differing from P. inopinatus, which has a central pore 
(Moravec and Thatcher, 1997), P. (S.) anguillae (Moravec et al. 2006), 
which presents a pore-like at the second circlet of cephalic papillae, and 
P. (S.) halitrophus, which did not have an aperture at the cephalic pa-
pillae (Cardenas and Lanfredi, 2002). Male P. (S.) halithophus and P. 
(S.) anguillae (Cardenas and Lanfredi, 2002; Moravec et~al., 2006, re-
spectively) have caudal alae and 2 spike-like cuticular projections at 
the female tail tip that were absent in P. (S.) belenensis n. sp. 
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CUCULLANUS COSTARICENSIS N. SP. (NEMATODA: CUCULLANIDAE), A PARASITE OF 
BAGRE PINNIMACULATUS (SILURIFORMES: ARIIDAE) FROM RIO TEMPISQUE, 
COSTA RICA 
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ABSTRACT: A new species of nematode, Cucullanus costaricensis n. sp., is described from the Red Sea catfish Bagre pinnimac-
ulatus from Rio Tempisque, Costa Rica. The new species is characterized by the following traits: spicules and gubernaculum 
length (0.48 ± 0.02 [0.45-0.50] and 0.20 ± 0.02 [0.18-0.21], respectively); a protruding cloacal region in males, and the 
arrangement of caudal papillae (1 medial' unpaired precloacal papilla and 10 pairs of papillae: 3 precloacals [first pair subventral 
and anterior to ventral sucker; second and third pairs posterior to ventral sucker; second pair asymmetric and subventral; third 
pair slightly subventral and closer to cloacal opening], 3 subventral adcloacal pairs [pairs 4-6], and 4 pairs of post cloacal papillae 
[seventh pair lateral, eighth pair subdorsal, ninth and tenth pairs subventral]); and lateral phasmids between the seventh and 
eighth pairs of postcloacal papillae. This finding represents the first record for a species of Cucullanus in Central America. 
To date, more than 325 helminth species parasites of wild 
vertebrates have been described from Costa Rica (Rodriguez-
Ortiz, Garcia-Prieto, and Perez-Ponce de Le6n, 2004; Rodri-
guez-Ortiz, Garcia-Prieto, Herrera-Vazquez, and Perez-Ponce 
de Le6n, 2004). However, Echinocephalus janzeni Hoberg, 
Brooks, Molina-Urena, and Erbe, 1998, infecting Himantura 
pacifica (Beebe and Tee-Van, 1941), represents the only nem-
atode species described as a parasite of fishes from this country 
(Hoberg et aI., 1998; Rodriguez-Ortiz, Garcia-Prieto, and Perez-
Ponce de Le6n, 2004; Rodriguez-Ortiz, Garcia-Prieto, Herrera-
Vazquez, and Perez-Ponce de Le6n, 2004). The main goals of 
the present study are to describe the second nematode species 
parasitic in fishes from Costa Rica and to compile information 
on some related species based on distribution, morphometric 
features, and host affinities. 
MATERIALS AND METHODS 
During February 2004, several adult specimens of Bagre pinnimac-
ulatus (Steindachner, 1877) were collected in Rio Tempisque, Costa 
Rica (100 28'29"N, 85°21 , 37''W). Live worms representing a new species 
of Cucullanus were recovered from the digestive tract, fixed in 4% hot 
formaldehyde, and preserved in 70% ethanol until they were studied. 
Nematodes were cleared in lactophenol. Drawings were made with a 
drawing tube attached to a light microscope. Specimens for scanning 
electron microscopy (SEM) were dehydrated using gradual ethanol se-
ries and dried to critical point with carbon dioxide. Dry specimens were 
mounted on metal specimen stubs, coated with gold-palladium mixture, 
and examined with a SEM Hitachi S2460N. All measurements are pro-
vided in millimeters unless otherwise stated. Mean and standard devi-
ation are followed by range in parentheses. 
Type specimens were deposited in the Colecci6n Nacional de Hel-
mintos (CNHE), Instituto de Biologia, Universidad Nacional Aut6noma 
de Mexico (UNAM), Mexico City. 
DESCRIPTION 
Cucullanus costaricensis n. sp. 
(Figs. 1, 2) 
General; Medium size worms. Body slender. Cuticle finely striated 
throughout. Lateral alae absent. Anterior end rounded, dorsoventrally 
expanded. Cephalic extremity with 2 pairs of prominent cephalic pa-
Received 6 May 2008; revised 1 August 2008, 19 September 2008; 
accepted 25 September 2008. 
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pillae, a pair of lateral amphids, and an inner circle of 3 pairs of small 
labial papillae. Oral opening dorsoventrally elongated, surrounded by 
narrow membranous ala (collarette) armed with numerous minute tri-
angular teeth. Esophagus muscular expanded at ends, forming pseudo-
buccal capsule at anterior extremity (esophastome), and opening into 
intestine through small valve. Nerve ring surrounding esophagus at sec-
ond third. Deirids and excretory pore anterior to esophagus-intestinal 
junction. Tail conical, with sharply pointed tip, ending in small mucron. 
Male (based on 3 specimens; measurements of holotype in parenthe-
ses); Body length 13.70 ± 0.30 (13.40-13.90) (13.40); maximum width 
0.30 ± 0.05 (0.28-0.35) (0.28) at esophagus-intestinal junction level. 
Esophagus length 1.40 ± 0.02 (1.40-1.43) (1.40), representing 10.26% 
± 0.05% (10.20-10.30%) (10.30%) of body length. Pseudobuccal cap-
sule 0.52 ± 0.02 (0.50-0.54) (0.52) long and 0.33 ± 0.04 (0.30-0.37) 
(0.32) wide. Minimum width of esophagus 0.11 ± 0.01 (0.10-0.12) 
(0.11) at nerve ring level; maximum width of posterior part of esoph-
agus 0.20 ± 0.06 (0.20-0.28) (0.20). Nerve ring, excretory pore, and 
deirids 0.60 ± 0.05 (0.57-0.64) (0.57), 0.90 ± 0.30 (0.72-1.12) (0.72), 
and 1 ± 0.02 (0.98-1.12) (1.10), respectively, from anterior extremity. 
Distance of right and left postdeirid from anterior extremity 9.21 and 
7.93, respectively. Cloacal opening protruded, constituted by 2 well-
developed labia. Ventral precloacal sucker well developed, situated at 
1.20 ± 0.02 (1.18-1.22) (1.20) from posterior end. Spicules equal in 
length 0.48 ± 0.02 (0.45-0.50) (0.46), representing 3.40% ± 0.05% 
(3.35-3.45%) (3.36%) of body length. Gubernaculum well sclerotized, 
Y-shaped, 0.20 ± 0.02 (0.18-0.22) (0.18) long. Caudal papillae con-
sisting of 1 medial unpaired precloacal papilla and 10 pairs of papillae, 
3 precloacal (first pair subventral and anterior to ventral sucker; second 
and third pairs posterior to ventral sucker; second pair asymmetric and 
subventral; third pair slightly subventral and closer to cloacal opening), 
3 subventral adcloacal pairs (pairs 4-6), and 4 pairs of postcloacal pa-
pillae (seventh pair lateral, eighth pair subdorsal, ninth and tenth pairs 
subventral). Lateral phasmids between seventh and eighth pairs of post-
cloacal papillae. Tail length 0.32 ± 0.02 (0.30-0.34) (0.32). 
Female (based on 3 specimens; measurements of allotype in paren-
theses); Body length 11.20 ± 5.30 (7.45-15) (15); maximum width 0.24 
± 0.10 (0.22-0.25) (0.25) at esophagus-intestinal junction level. Esoph-
agus length 1.21 ± 0.90 (1.12-1.31) (1.31), representing 12.0% ± 
3.10% (8.70-15.10%) (8.73%) of body length. Pseudobuccal capsule 
0.49 ± 0.50 (0.46-0.51) (0.51) long and 0.28 ± 0.03 (0.25-0.30) (0.30) 
wide. Minimum width of esophagus 0.14 ± 0.01 (0.12-0.15) (0.12); 
maximum width of posterior part of esophagus 0.17 ± 0.01 (0.16-0.18) 
(0.17). Nerve ring, excretory pore, and deirids 0.50 ± 0.04 (0.46--0.54) 
(0.54), 0.73 ± 0.04 (0.69-0.77) (0.69), and 1.07 ± 0.20 (0.96--1.18) 
(1.18) from anterior extremity, respectively. Distance of right and left 
postdeirid from anterior extremity 6.41 and 8.1, respectively (posterior 
to vulva). Vulva slightly prominent, postequatorial, located 7.20 ± 2.30 
(4.87-9.53) (9.53) from anterior extremity, and representing 64.28% 
(63.53-65.37%) (65.37%) of body length. Ovejector directed anteriorly 
from vulva. Uteri amphidelphic. Egg numerous, oval in shape, 0.05 ± 
413 
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0.05 
4 
5 
0.1 
FIGURE I. Cucullanus costaricensis n. sp., a parasite of Bagre pinnimaculatus from Rio Tempisque, Costa Rica. (1) Female, anterior end, 
lateral view. (2) Cephalic extremity, ventral view. (3) Male, caudal region, lateral view. (4) Female, caudal region, lateral view. (5) Vulva region. 
Abbreviations explanation: pr = precloacal papillae; un = unpaired papilla; ad = adcloacal papillae; L = lateral papilla; ph = phasmids; sd = 
subdorsal papilla; sv = subventral papillae. 
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sess smaller spicules; 2 more have a smaller number of caudal papillae 
(Cucullanus micropapillatus Tornquist, 1931 and Cucullanus parvus 
Tornquist, 1931); 3 lack unpaired precloacal papillae (Cucullanus chry-
sophrydis Gendre, 1927, Cucullanus laurotravassosi Petter and Le Bel, 
1992, and Cucullanus murenophidis Campana-Rouget, 1957); and, fi-
nally, Cucullanus muraenesocis Yamaguti, 1961 has fewer adcloacal 
and more postcloacal papillae. Four Neotropical species, i.e., Cucullan-
us bagre Petter, 1974, Cucullanus bonaerensis Lanfranchi, Timi, and 
Sardella, 2004, Cucullanus pargi, and Cucullanus pedroi, are similar to 
C. costaricensis by possessing a protruding cloacal region. However, 
the new species can be distinguished from 3 of these species by spicular 
size (smaller in our material), host family, and habitat. In addition, gu-
bernaculum in C. bonaerensis and C. pargi is smaller and C. pedroi is 
a marine species. Cucullanus bagre differs from the new species in 
possessing smaller spicules, lacking unpaired precloacal papillae, and 
by parasitizing a marine host. 
As far as we know, only 7 species of Cucullanus have been described 
from ariid fishes in the world (see Table I; Bharatha-Lakshmi, 2000b). 
However, 6 of them (Cucullanus arii Yamaguti, 1954, Cucullanus ar-
matus Yamaguti, 1954, Cucullanus baylisi, Cucullanus laurotravassosi, 
Cucullanus theraponi, and Cucullanus quadrii Bilqees and Fatima 
1980) are not distributed in the Neotropic realm like the new species 
and they are found in marine fishes. Moreover, these 6 species differ 
from C. costaricensis by possessing a smaller number of caudal papillae 
(c. armatus, C. baylisi, and C. quadrii), by the absence of protruded 
cloacal region (c. arii), and by and absence of unpaired precloacal 
papillae (c. laurotravassosi and C. theraponi). Similar to C. costari-
censis, the remaining cucullanid of ariid fishes (c. bagre) is distributed 
in the Neotropical region; however, the 2 species can be separated by 
the spicular size (larger in the new species) and by the presence of an 
unpaired precloacal papillae in the Central American species. 
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FOUR NEW SPECIES OF PLASMODIUM FROM NEW GUINEA LIZARDS: 
INTEGRATING MORPHOLOGY AND MOLECULES 
Susan L. Perkins and Christopher C. Austin* 
Sackler Institute for Comparative Genomics & Division of Invertebrate Zoology, American Museum of Natural History, Central Park West at 
79th St., New York, New York 10024. e-mail: perkins@amnh.org 
ABSTRACT: New Guinea is one of the most biodiverse regions of the world, particularly in terms of the herpetofauna present, 
yet surprisingly little is known about the parasites that infect these organisms. A survey of diverse scinid and agamid lizard hosts 
from this country showed a diversity of malaria parasites infecting these hosts. We combined morphological and morphometric 
observations of the parasites (primarily gametocytes) along with DNA sequence data from the mitochondrial cytochrome band 
cytochrome oxidase T genes and here describe 4 new species of Plasmodium, i.e. Plasmodium minuoviride n. sp., Plasmodium 
koreafense n. sp., Plasmodium megalotrypa n. sp., and Plasmodium gemini n. sp. A fifth species, Plasmodium lacertiliae Thomp-
son and Hart 1946, is redescribed based on new observations of hosts and localities and additional molecular data. This combined 
morphological and molecular approach is advised for all future descriptions of new malaria parasite species, particularly in light 
of situations where every life-history stage is not available. 
Approximately 200 species of Plasmodium have been de-
scribed from mammal, avian, and squamate reptile intermediate 
hosts. These species descriptions have relied on classical meth-
ods such as morphological characters, life-history traits, and 
host taxon, all of which are useful, but all of which are also 
subject to serious shortcomings. For example, appearance of the 
parasites on thin blood films can be altered by the rate of drying 
of the original material and staining protocol. Also, character-
istics long held as definitive for the classification of parasites 
into genera and subgenera, including the production of pigment 
and the presence of erythrocytic schizonts, are now thought to 
be considerably more plastic. Examples of this include the 
monophyly of parasites such as Plasmodium azurophilum Tel-
ford, 1975, a lizard parasite that does not produce pigment, and 
Hepatocystis species, mammalian parasites that do not have 
erythrocytic schizonts, with other species of Plasmodium, 
which is defined with the characters of pigment production and 
erythrocytic schizogony (Perkins and Schall, 20m,; Martinsen 
et a!., 2006, 2008). Ideally, to describe a species of Plasmodi-
um, data provided would include morphology of all stages, in 
both the vertebrate and insect hosts, from multiple infections, 
as well as information on the complete life cycle (timing of all 
developmental stages), and the full range of host and vector 
species. Very few Plasmodium species have all of this kind of 
information available, and those that do are primarily those spe-
cies that infect humans or the mammalian parasites that are 
model organisms. In many cases, only a few-and sometimes 
just a single-blood smears have been available when defining 
new species; this is clearly far from the ideal method. 
For various reasons, sometimes the acquisition and study of 
all parasite life stages, or even all of those typically used for 
species descriptions of Plasmodium species, are not possible. 
Many malaria parasites, from those infecting humans (e.g., Ha-
mad et a!., 2002; Drakeley et a!., 2006) to those infecting birds 
(Cosgrove et a!., 2008) and lizards (Goodwin and Stapleton, 
1952; Jordan and Friend, 1971; Bromwich and Schall, 1986), 
show marked seasonality, where there is an almost complete 
absence of various life-history stages at certain points of the 
Received 19 June 2008; revised 6 August 2008; accepted 18 Septem-
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year. Thus, blood samples of vertebrates during typical field 
collections may reveal the presence of parasites, but often not 
in all life stages. Still, the taxonomic description of these par-
asites as species is valuable as a means of quantifying biodi-
versity and providing a framework within which additional 
study, including more detailed studies of the life cycle, can be 
performed. Until recently, however, a means with which to link 
samples from multiple hosts taken at different times has not 
been possible. 
The use of DNA sequences has recently started to serve as 
a powerful bridge to allow for the diagnosis of species when 
they are present in different life-history stages, i.e., the eggs of 
fish (Desalle and Birstein, 1996), larval and adult arthropods 
(Barber and Boyce, 2006; Ahrens et a!., 2007; Zhou et a!., 
2007), and efficient diagnosis and study of parasites with com-
plex life cycles (Brant et a!., 2006). The iterative process of 
sequencing a gene or genes from parasites, the phylogenetic 
study of those sequences in the context of other detected infec-
tions and samples of previously described species, and then the 
deposition of these sequences into databases can provide an 
efficient and cohesive process for the taxonomic study of par-
asites. DNA sequences should always be coupled with morpho-
logical observations of at least some of the life-history stages 
so that independent lines of evidence are available for species 
identity and description (DeSalle et a!., 2005). 
In this study we conducted a large survey of the lizards, 
primarily skinks, from several sites in one of the most biolog-
ically diverse regions of the world, Papua New Guinea, taking 
blood smears and tissue collections from each. New Guinea has 
been recognized as one of the world's 5 'High Biodiversity 
Wilderness Areas,' and, as the world's largest and tallest trop-
ical island, it represents the third largest tract of intact rainforest 
after the Amazon and Congo basins (Austin, 1995; Mittermeier 
et a!., 2003). The island occupies less than 0.6% of global land 
area, but it is estimated to harbor 5-7% of the world's biodi-
versity (Beehler, 1993; Dinerstein and Wikramanayake, 1993; 
Mack, 1998; Myers et a!., 2000). Much of this estimated di-
versity is not known to science. In particular, the parasites of 
New Guinea wildlife, including hemoparasites, are poorly stud-
ied (Austin and Perkins, 2006; Klompen and Austin, 2007). In 
the course of this survey, we encountered several parasites that 
were morphologically distinct. However, in each case, very few 
asexual stages were present; thus, classifying the parasites, even 
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at the generic level, would be problematic if only morpholog-
ical characters were used. Therefore, we also used sequences 
from 2 genes and a phylogenetic analysis to determine that 
these parasites are indeed Plasmodium, and that they are dis-
tinct enough, particularly when combined with morphological 
characteristics of the gametocyte stages, to define as new spe-
cies. The combination of morphological data and morphomet-
rics of gametocytes with sequences of the parasites' cytochrome 
b (cytb) and cytochrome oxidase I (cox!) genes from the mi-
tochondrial genome shows 5 monophyletic lineages, 4 of which 
appear to be new to science (3 from scincid lizard hosts and I 
from an agamid lizard), and a fifth species, which we conser-
vatively place within Plasmodium lacertiliae, originally report-
ed on Goodenough Island, off the coast of the main island of 
New Guinea (Thompson and Hart, 1946). 
MATERIALS AND METHODS 
Lizards were captured alive by hand or blowpipe. Blood was col-
lected via standard protocols with a heparinized capillary tube from the 
post-orbital sinus. Thin blood smears on slides were air-dried and then 
fixed in 95% methanol. All thin blood smears are currently held at the 
American Museum of Natural History, New York, New York, and ha-
pantotype and parahapantotype specimens have been accessioned into 
the American Museum of Natural History (AMNH) Protozoan Collec-
tion. Blood was also spotted onto filter or FTA paper and air-dried for 
preservation of DNA and subsequent DNA isolation and amplification. 
Liver and muscle tissue was taken from vouchers and stored in either 
95% ethanol or liquid nitrogen. Lizard host vouchers are deposited at 
the Louisiana State University Museum of Natural Science, Baton 
Rouge, Louisiana. 
Thin blood smears were stained with Giemsa and examined using a 
microscope for 3 to 6 min to determine infection status. Slides with 
parasites were then examined completely, noting various stages present. 
Measurements of mature gametocytes were performed with a SPOT 
InTouch® digital camera and the SPOT software version 4.1.3. These 
metrics included parasite length (as determined by the longest contin-
uous line that could be drawn through a parasite cell), l2arasite width 
(the longest line that could be drawn perpendicular to the length line), 
the length x width (LW), and then total parasite and host erythrocyte 
areas (by tracing the outline of these cells) were measured. The area of 
the nucleus of a nearby uninfected host cell (= uninfected erythrocyte 
nucleus, UEN) was also measured in a similar manner for each parasite 
cell observed. All measurements are reported as means :+: standard de-
viation. Statistical comparisons of morphometrics were performed with 
2-tailed unpaired t-tests (Welch corrected if there were differences in 
standard deviations between the populations of measurements) using 
GraphPad InStat version 3.0a for Macintosh (GraphPad Software, San 
Diego, California, www.graphpad.com). Additional observations of par-
asite morphology, such as shapes of cells, position within the host cell, 
distortion of the host cell or host nucleus, and presence and distribution 
of vacuoles and hemozoin pigment, were also noted. 
DNA was extracted from either blood spots on filter paper or from 
host liver tissue. The mitochondrial genes cytb and cox! were amplified 
as follows. The cytb gene was amplified in 2 fragments, the first with 
primers DW2 (TAA TGC CTA GAC GTA TTC CTG ATT ATC CAG) 
and 3932R (GAC CCC AAG GTA ATA CAT AAC CC) and the second 
with 3932F (GGG TTA TGT ATT ACC TTG GGG TC) and DW4 
(TGT TTG CTT GGG AGC TGT AAT CAT AAT GTG). The cox! 
gene was amplified with a nested reaction according to the methods 
described in Perkins et al. (2007). Briefly, an outer reaction using prim-
ers coIF (CTA TTT ATG GTT TTC ATT TTT ATT TGG TA) and coIR 
(GTA TTT TCT CGT AAT GTT TTA CCA AAG AA) was done, and 
then this was nested with 2 reactions, I with coIinF (ATG ATA TTT 
ACA RTT CAY GGW ATT ATT ATG) and colmidR (CTG GAT GAC 
CAA AAA ACC AGA ATA A) and I with colmidF (TTA TTC TGG 
TTT TTT GGT CAT CCA G) and colinR (GTA TTT TCT CGT AAT 
GTT TTA CCA AAG AA). PCR products were purified with AMPure 
(Agencourt, Beverly, Massachusetts) and sequenced in both directions 
using BigDye v. 3.0 (Applied Biosystems, Foster City, California). Se-
quences were edited in Sequencher (Gene Codes, Madison, Wisconsin). 
There was no length variation in the sequences, and alignments were 
done simply by eye. Several published sequences of other lizard malaria 
parasite species (Martinsen et aI., 2008) were added to the matrix of 
the newly generated sequences and the mammal-infecting taxa; Plas-
modium berghei and Plasmodium vivax were used as outgroups. The 2 
genes were combined, and primer sequences were removed before anal-
ysis. Phylogenetic analyses were conducted using maximum likelihood 
using RaxML (Stamatakis, 2006) via the Cyberinfrastructure for Phy-
logenetic Research (CIPRES) portal (http://www.phylo.org/news/ 
RAxML), and the data set was partitioned by gene such that separate 
models of evolution were estimated for each. Bootstrapping (cut-off 
automatically determined by the software) was used to assess nodal 
support. 
Molecular characters for each of the 4 new species and the redescrip-
tion of Plasmodium lacertiliae were determined by aligning sequences 
to those published for named species of lizard and bird malaria para-
sites. These included Plasmodium mexicanum (NC_009960), Plasmo-
dium fioridense (NC00996I ), Plasmodium gallinaceum (EU254535 
and EU254578), Plasmodium relictum (AY733090), Plasmodium azur-
ophilum (in erythrocytes; EU254532 and EU254575), Plasmodium 
azurophilum (in leucocytes; EU254533 and EU254576), Plasmodium 
giganteum (EU254534 and EU254577), Plasmodium chiricahuae (cytb 
only; AY099061), Plasmodium elongatum (cytb only; AF0696 I I ), Plas-
modium agamae (cytb only; AY099048), Haemoproteus kopki (cyth 
only; AY099062), and Haemoproteus ptyodactylii (cytb only; 
AY099057). Positions refer to those of the complete protein-coding se-
quence for Plasmodium falciparum (NC_002375). 
RESULTS 
Five distinct morphotypes of parasites were observed in the 
lizards from Papua New Guinea, and these corresponded ex-
actly with 5 distinct clades or lineages of parasites from the 
phylogenetic analyses (Fig. I), each of which was supported 
with 100% nodal support under either analysis method. One 
morphotype, observed in 2 Emoia longicauda lizards collected 
in Milne Bay Province, could not be distinguished as different 
from P. lacertiliae Thompson and Hart, 1946, and so it is pro-
visionally identified as this species, though we offer a rede-
scription to update the hosts, localities, and include the DNA 
sequence data. All sequences are deposited in GenBank under 
the accession numbers EU834703-EU834720. The cytb gene 
sequence for the isolate from CCA 2054 was identical to that 
from CCA 2146; likewise, cytb sequences from the parasites in 
CCA 3565 and CCA 3568 were the same as were those se-
quences from CCA 3597 and CCA 3598. The cox! sequences 
obtained from the malaria parasite infections in CCA 2227 and 
CCA 2228 were identical. 
DESCRIPTIONS 
Plasmodium minuoviride n. sp. 
(Figs. 2-7) 
Asexual stages: Trophozoites small, but often elongated, with large 
vacuoles, typically at I end of cell (Figs. 2, 3). Pigment present in most 
infected cells. Two host cells observed to have 2 trophozoites each 
(Figs. 2, 3). Three schizonts observed in single infections; 2 were fan-
shaped and appeared to have 4 meronts per cell (e.g., Fig. 4), and I 
was irregularly shaped with 8 meronts (Fig. 5). Asexual stages did not 
distort host nucleus or cell. 
Gametocyte.I·: Gametocytes medium sized, typically round or slightly 
oval, with I or more vacuoles often present (Figs. 6, 7). Vacuoles of 
gametocytes sometimes smaller than those of trophozoites. Gametocytes 
located polar in host cell, but did not distort position of host nucleus, 
or shape of cell. Very small clumps of pigment present in most cells. 
Gametocyte morphometric characteristics as follows: 10 gametocytes 
measured, with an average length of 8.06 :+: 1.08 (6.32-10.06) [Lm and 
an average width of 5.64 :+: 1.49 (4.24-8.02) [Lm; average LW value 
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FIGURE 1. Phylogenetic relationships of the 4 newly described species of Plasmodium from New Guinea skinks and P. lacertiliae, as well as 
several other lizard malaria parasite taxa, rooted with the mammalian parasites, P. vivax, and P. berghei. Nodal support values (>50%) from ML 
analyses are presented above branches. 
of these parasites 46.09 :+: 15.83 (27.74-74.54) fLm2 ; size of gameto-
cytes relative to uninfected erythrocyte nuclei LSI :+: 0.42 (0.97-2.32); 
proportion of parasite area to total erythrocyte area 0.23 :+: 0.08 (0.12-
0.36). 
Molecular characters: Cytochrome b: No single fixed character dif-
ferences observed, but combination of T at position 525 with G at 
position 535 unique to this isolate. Cytochrome oxidase I: No single 
fixed difference, but combination of C at position 853 and A at position 
861 unique to this species. 
Taxonomic summary 
Type host: Prasinohaema prehensicauda (Loveridge, 1945) (Sauria: 
Scincidae); type host voucher = CCA 0640/ TNHC 51875. 
Other hosts: None known. 
Type locality: Kaironk Village, Madang Province, Papua New Guinea 
(05°]4' 15"S, 144°28'50"E, ~ 1400 m). 
Additional localities: None known. 
Site of infection: Erythrocytes. 
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with following 5 unique fixed differences: C at position 210, G at po-
sition 243, C at position 289, C at position 510, and C at position 1068. 
Cytochrome oxidase I: Eight unique differences in cox! gene for P. 
megalotrypa: C at position 292, C at position 774, C at position 786, 
G at position 796, A at position 936, G at position 937, G at position 
1106, and C at position 1119. 
Taxonomic summary 
Type host: Sphenomorphus simus (Sauvage, 1879) (Sauria: Scinci-
dae): type host vouchers = CCA 3565. 
Other hosts: Also found in a second S. simus (CCA 3568) at type 
locality. 
Type locality: Bewani Station (03°3.224'S, 141°1O.009'E, 181 m), 
Sandaun Province, Papua New Guinea. 
Additional localities: None known. 
Site of infection: Erythrocytes. 
Prevalence: Two of 5 (40%) S. simus collected at Bewani Station. 
Material deposited: AMNH Protozoan Collection #820 (hapantotype) 
and #821 (parahapantotype). 
Etymology: The specific name, a noun in apposition, refers to the 
large vacuoles present in the gametocyte stages (Greek for "big hole"). 
Plasmodium gemini n. sp. 
(Figs. 20-31) 
Asexual stages: Small, round, or amoebic trophozoites observed in 2 
infected lizards (Figs. 20, 21). Small vacuoles and tiny bits of pigment 
present. 
Gametocytes: Gametocytes either nearly round and polar (Fig. 23), 
or long and elongate (Figs. 24-31). If second kind, often found in pairs 
(Figs. 27-29; approximately 20% of all infected cells) or (in a single 
instance) 4 in single erythrocyte (Fig. 30). Both macrogametocytes and 
microgametocytes sometimes in same erythrocyte (Figs. 28, 31). Twice, 
gametocytes observed with unusual morphology of elongate cell and 
unusual bulge in center (Fig. 31). For infection in CCA 3595, 41 ga-
metocytes measured, with average length of 8.43 :!: 1.72 (4.83-11.66) 
fLm and average width of 3.93 :!: 0.61 (2.71-4.84) fLm; average LW of 
32.68 :!: 6.72 (19.06-48.60) fLm 2• Size of gametocytes relative to un-
infected erythrocyte nuCiei .1.02 :!: 0.24 (0.54-1.46) and proportion of 
parasite area to total erythrocyte area 0.21 :!: 0.05 (0.12-0.31). Five 
gametocytes measured for CCA 3596: average length 5.58 :!: 0.96 
(4.83-7.24) fLm, average width 4.36 :!: 0.53 (3.55-4.85)' fLm, and av-
erage LW 24.20 :!: 4.42 (19.24-30.84) fLm 2• Ratio of parasite area to 
nearby un infected erythrocyte nuclei 0.76 :!: 0.14 (0.65-0.99) and pro-
portion of area of host cell encompassed by parasite 0.17 :!: 0.04 (0.12-
0.21). Two of 3 metrics significantly different when compared via t-
tests (P = 0.009; P = 0.01; P = 0.10); however, since only round 
gametocytes were observed in CCA 3596, when compared to only 
round gametocytes of CCA3595, differences for 3 measures were not 
significant (P = 0.52; P = 0.79; P = 0.86). It is still believed that 
CCA3595 represents a single infection; there is no evidence of multiple 
peaks in sequences of 2 genes for that infection because all came from 
same host species at same locale. Despite different shape, both parasites 
types are similar in lacking pigment and vacuoles. 
Molecular characters: Cytochrome b: Four isolates of P. gemini with 
2 unique fixed differences: T at position 141 and A at position 549. 
Cytochrome oxidase I: Eight fixed differences unique to 4 isolates of 
P. gemini: G at position 249, T at position 276, G at position 291, A 
at position 448, C at position 865, A at position 874, C at position 
1048, and C at position 1089. 
Taxonomic summary 
Type host: Hypsilurus modestus Meyer 1874 (Sauria: Agamidae); 
type host voucher = CCA 3595. 
Other hosts: Found in 3 other H. modestus at same locality (vouchers 
CCA 3596, CCA 3597, and CCA 3598). 
Type locality: Dtai Village (3°23.765'S, 141 0 34.974'E, 208 m) in 
Sandaun Province, north-central Papua New Guinea. 
Additional localities: None known. 
Site of infection: Erythrocytes. 
Prevalence: Four of 6 (67%). 
Material deposited: AMNH Protozoan Collection #822 (hapantotype) 
and #823-825 (parahapantotypes) 
Etymology: The specific name refers to the propensity of this parasite 
to be found "twinned" in host cells. 
REDESCRIPTION 
Plasmodium lacertiliae Thompson and Hart, 1946 
(Figs. 32-37) 
Asexual stages: One RBC (Fig. 32) infected with 2 ring-shaped tro-
phozoites. One schizont observed in apparent lizard thrombocyte; irreg-
ularly shaped, with 9 visible merozoites (Fig. 33). 
Gametocytes: Gametocytes medium to large, typically elongated, ly-
ing alongside host nucleus in either longitudinal direction (Figs. 34-36; 
92% of those observed), or partially polar (Fig. 37; 8%). Occasionally, 
parasite cell wrapped around both ends of nucleus (Figs. 36, 37). No 
vacuoles observed. Gametocytes sometimes distort position of host nu-
cleus (Fig. 34), but not shape of RBC. Pigment present in most cells, 
often scattered throughout parasite cell. Gametocyte morphometric 
characteristics as follows: For infection in CCA 2227, 19 gametocytes 
measured, with average length of 14.09 :!: 0.43 (10.25-16.72) fLm and 
average width of 5.69 :!: 0.18 (3.89-7.62) fLm. Length X width for 
these parasites average 80.45 :!: 2.91 (53.68-111.56). Size of gameto-
cytes relative to uninfected erythrocyte nuclei 3.65 :!: 0.19 (2.08-5.01) 
and proportion of parasite area to total cell area 0.61 :!: 0.02 (0.39-
0.78). In total, 25 gametocytes measured for CCA 2228. Average length 
13.67 :!: 0.36 (8.97-17.51) fLm; average width 5.43 :!: 0.22 (3.96-7.42) 
fLm; average product 73.61 :!: 3.20 (57.54-114.52). Ratio of parasite 
area to that of nearby uninfected erythrocyte nuclei 4.05 :!: 0.21 (2.46-
6.92) and proportion of area of host cell encompassed by parasite 0.56 
:!: 0.02 (0.37-0.71); t-tests showed no significant differences in mea-
surements (length X width, P = 0.1733; parasite area: DEN, P = 
0.1678; proportion of total cell area occupied by parasite, P = 0.0852). 
Molecular characters: Cytochrome b: Both CCA 2227 and CCA 
2228 with unique difference in C at position 309, and, though complete 
sequence unavailable for CCA 2227, CCA 2228 unique at position 555 
in having C. Cytochrome oxidase I: The 2 isolates identified as P. 
lacertiliae showed 11 unique fixed differences: C at position 444, G at 
position G, A at position 633, C at position 669, T at position 750, T 
at position 799, G at position 832, A at position 840, C at position 864, 
C at position 110.1, and C at position 1186. 
Taxonomic summary 
Host: Emoia longicauda (MacLeay, 1877) (Sauria: Scincidae). Host 
vouchers = CCA 2227 and CCA 2228. 
Other hosts: Leiolopisma fuscum, now Carlia eothen (type host). 
Type locality: Goodenough Island, (09°17.91O'S, 1500 18.261'E) Pap-
ua New Guinea. 
Additional localities: Lelegalu Village (10° 19.40' S, 1500 41.56'E, 5 
m), East Cape, Milne Bay Province, Papua New Guinea. 
Site of infection: Erythrocytes. 
Prevalence: Two of 2 (100%) E. longicauda colJected at Lelegalu 
Village. Another specimen of this host species collected at Oro was not 
infected. 
Material deposited: AMNH Protozoan Collection #826 and #827. 
REMARKS 
To date, just 2 species of Plasmodium in lizards believed to 
have originated from the main island of New Guinea have been 
described, i.e., Plasmodium tribolonoti and Plasmodium grac-
ilis, which were found infecting a single Tribolonotus gracilis, 
a skink, from the pet trade that was reasoned to have come 
from Indonesian New Guinea (Telford and Wellehan, 2005). 
The only new species described herein that resembles these 2 
species is P. megalotrypa, and it can be distinguished from both 
of these in that the latter possesses vacuoles in both trophozoite 
and gametocyte stages. The 2 infections in Emoia longicauda 
were inferred to be P. lacertiliae, due to similarities in parasite 
morphology (only average length and width values are provided 
in the original species description, but they do fall within the 
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However, we also argue that elements of traditional taxono-
my must still be included in descriptions and phylogenetic stud-
ies for several reasons. First, if morphological attributes of the 
parasites are ignored, this will eliminate the possibilities for the 
study of their evolutionary patterns, e.g., the evolution of their 
ability to make and store hemozoin pigment (Martinsen et aI., 
2008) or the propensity to infect certain types of blood cells 
(Perkins, 2000). These patterns can contribute valuable knowl-
edge about the biology of malaria parasites and could even 
hopefully be used via comparative methods and genomic ap-
proaches to target receptors, metabolic genes, or other pathways 
that could be used to better understand the organisms' relation-
ship to disease. Second, even the most rudimentary examination 
of morphological characteristics of the parasites can alert one 
to potential sources of contamination or multiple infections. Fi-
nally, the skills of traditional parasite taxonomists should not 
be under-rated in terms of speed and reliability of identifying 
parasite species, including both species that have been previ-
ously described and those that might be new to science. Al-
though distillation of the morphology of a simple protozoan cell 
into a series of lengths, widths, and area measurements cannot 
always allow for complete discrimination of species, an expe-
rienced malariologist can nonetheless often reliably and quickly 
identify parasites within a blood smear when familiar with their 
basic morphology. Cataloging the biodiversity of organisms on 
the planet is ever more urgent. Discovering and identifying par-
asites is also pressing given their important roles in conserva-
tion, species richness, and also because of potential zoonoses 
that are increasing in frequency as natural habitats shrink and 
change. At the same time, largely because of the increase in 
availability of molecular markers, new studies are being pub-
lished that incorporate novel lineages of parasites but that are 
either not identified to species or described as new species but 
are left simply as "Plasmodium sp." in publications. and public 
data records. This creates a problem because there are no host 
vouchers or very rarely even any specimens of these parasites 
deposited into collections that can be used for comparison by 
other researchers. This trend has recently been discussed and 
admonished in the parasitological literature (Valkiunas et aI., 
2008). Thus, we are currently in a very precarious situation. 
Should potential new species of malaria parasites then be 
shelved until additional samples are collected that contain all 
life-history stages? This seems a taxonomic waste, particularly 
in light of the very real possibility that their hosts might soon 
go extinct in many of these places, taking these parasite species 
with them forever. Should we continue to leave them as mul-
titudes of identically labeled "Plasmodium sp." in any studies 
of the molecular systematics and evolution of these organisms? 
This practice will inevitably contribute to confusion and misuse. 
Instead, we propose a compromise, i.e., integrated taxonomy 
involving the coupled evidence of, in this case, morphological 
data from as many parasite life-history stages as possible (rec-
ognizing that not all might be currently available) and DNA 
sequences. We recognize that this compromise does not per-
fectly match the ideal guidelines of alpha taxonomy as outlined 
by Dayrat (2005), primarily because the genus has not recently 
been mono graphed and because parasite prevalence and para-
sitemia are often low in natural populations, making it difficult 
to thoroughly explore the range of intra- and interspecific var-
iation. However, in cases such as the ones described herein, 
where morphological and molecular differences (and in almost 
all, host preferences, as well) clearly differentiate lineages, 
where parasites are distinguishable from any geographically 
proximate taxa, and where conservative identifications are made 
and species redescribed as opposed to created, until further ev-
idence can be obtained, we believe that this scenario is the 
lesser of 2 evils and within the bounds of solid taxonomic prac-
tice. Most emphatically, we second the plea from Dayrat (2005) 
and Valkiunas et al. (2008) that specimens should be deposited 
into museum collections and further this by encouraging that 
host tissues or other samples that could be used for future mo-
lecular work also be made available or at least traceable to other 
researchers. Should new specimens be collected that contain 
additional life-history stages of parasites, these can then easily 
be compared to the hapantotype and parahapantotype (Wil-
liams, 1986) vouchers, and the taxonomy can either be updated, 
or, if need be, revised. Taxonomy is, after all, a dynamic sci-
ence, and both species and their phylogenetic relationships are 
merely the currently best-supported hypotheses. 
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MOLECULAR AND MORPHOLOGICAL DESCRIPTION OF A HEPATOZOON SPECIES IN 
REPTILES AND THEIR TICKS IN THE NORTHERN TERRITORY, AUSTRALIA 
Inger-Marie E. Vilcins, Beata Ujvari*, Julie M. Oldt, and Elizabeth Oeane:j:§ 
Department of Biological Sciences, Division of Environmental and Life Sciences, E8A, Macquarie University, North Ryde, New South Wales, 
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ABSTRACT: Ticks, representing 3 species of Amblyomma, were collected from the water python (Liasis fuscus) and 3 additional 
reptile species in the Northern Territory, Australia, and tested for the presence of Hepatozoon sp., the most common blood 
parasites of snakes, In addition, blood smears were collected from 5 reptiles, including the water python, and examined for the 
presence of the parasite. Hepatozoon sp. DNA was detected in all tick and reptile species, with 57,7% of tick samples (n = 187) 
and 35.6% of blood smears (n = 35) showing evidence of infection. Phylogenetic analysis of the 18S rRNA gene demonstrated 
that half of the sequences obtained from positive tick samples matched closest with a Hepatozoon species previously identified 
in the water python population, The rem.aining sequences were found to be more closely related to mammalian and amphibian 
Hepatozoon species. This study confirms that species of Amblyomma harbor DNA of the same Hepatozoon species detected in 
the water pythons. The detection of an additional genotype suggests the ticks may be exposed to 2 Hepatozoon species, providing 
further opportunity to study mUltiple host-vector-parasite relationships, 
Species of Hepatozoon (Miller, 1908), belonging to the He-
patozoidae (Barta, 1989), are intraerythrocytic and intraleuko-
cytic apicomplexan parasites, and they are the most common 
intracellular protozoa found in reptiles (Telford, 1984; Wozniak 
et aI., 1996). Members of the genus have a heteroxenous life 
cycle, with sporogony taking place within an invertebrate vector 
in which they form large oocysts, each capable of containing 
hundreds of sporozoite-filled sporocysts (Telford, 1984; Woz-
niak et aI., 1996; Kim et aI., 1998). Transmission of Hepatozoon 
spp. occurs via the ingestion of the infected invertebrate, lib-
erating sporozoites and enabling merogenic and gamontogenic 
development to take place in the hepatocytes, endothelial cells, 
and visceral organs of a wide range of vertebrate hosts (Telford, 
1984; Wozniak et al.,J996; Kim et aI., 1998). Secondary trans-
mission, via the predation of infected vertebrate prey, as well 
as congenital transmission, has also been recorded (Telford, 
1984; Lowichik and Yaeger, 1987; Wozniak et al~, 1996). In-
vertebrate vectors recorded for Hepatozoon species are broad 
in nature and include ectoparasites, biting flies, mosquitoes, and 
leeches (Smith, 1996). Members of the genus have also been 
described as infecting a range of mammalian, avian, reptilian, 
and amphibian species (Levine, 1988; Smith, 1996). 
Little is known about Australian Hepatozoon species, with 
all blood-borne parasites described in native reptiles being 
placed within Haemogregarina and they are yet to be adequate-
ly classified (Mackerras, 1959; O'Donoghue and Adlard, 2000). 
Only 2 Australian species have been described in any detail, 
i.e., H. breinli, known for its preference for infecting varanid 
lizards and vectored by a culicine mosquito (O'Donoghue and 
Adlard, 2000), and H. peramelis, prevalent in approximately 
25% of its hosts, the bandicoots (Perameles and Isoodon spp.) 
(Wicks et aI., 2006). However, because many Hepatozoon spe-
cies are virtually indistinguishable morphologically and are ca-
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pable of infecting several unrelated hosts and vectors, the true 
number of species in existence is unknown, although it has been 
estimated at being in excess of 300 (Telford, 1984; Smith, 
1996). This estimate is itself questionable given the similar 
morphologies and frequent practice of naming new species for 
new geographic locations (Telford, 1984; Smith, 1996). Most 
recently, molecular techniques, particularly targeting the 18s ri-
bosomal RNA gene, have greatly enhanced the ability to char-
acterize and detect new species, and to identify suspected vec-
tors (Mathew et al., 2000). 
The impact of Hepatozoon spp. infection in vertebrates varies 
greatly. In mammalian hosts, severe pathology and death have 
been recorded, such as with the H. americanum infection of 
canids, where cysts formed in bone marrow and muscle cause 
significant morbidity and mortality (Baneth et aI., 2003; Ewing 
and Panciera, 2003). In reptiles, pathology associated with He-
patozoon spp. infection is increasingly recognized (Wozniak et 
aI., 1996). Although many reptiles are capable of tolerating the 
presence of infection and suffer little pathogenic affect (Nadler 
and Miller, 1984; Wozniak et al., 1996), in some species, heavy 
parasitemia can lead to anemia and blood cell abnormalities, 
resulting in immunosuppression (Telford, 1984). The first rec-
ords of Hepatozoon spp. infections resulting in clinical disease 
in reptiles came from laboratory experiments, including studies 
on captive snakes (Griner, 1983; Wozniak et aI., 1996) and in 
3 lizard species, infected with H. mocassini, normally a parasite 
of cottonmouth snakes (Agkistrodon piscivorus), in which he-
patocellular necrosis was seen (Wozniak et al., 1996). In the 
Northern Territory, several studies on the water python (Lias is 
fuscus) and other reptiles have recorded both a high prevalence 
of Hepatozoon sp. infection (Ujvari et aI., 2004), as well as 
negative impacts associated with long-term parasitemia (Mad-
sen et aI., 2005; Ujvari and Madsen, 2005). Snakes with heavy 
parasitemia were found to have impaired growth, body condi-
tion, reproductive output, and juvenile survival, with only those 
exhibiting low levels of infection reaching old age (Madsen et 
aI., 2005; Ujvari and Madsen, 2005). As is the case with many 
Hepatozoon species, the vectors responsible for the transmis-
sion of the species infecting these reptiles remain unknown. 
The present study sought to identify a possible ectoparasite 
vector for Hepatozoon species in the water python and other 
reptiles in the Northern Territory, using molecular polymerase 
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TABLE I. Host animals and ticks collected in this study. 
No. of ticks 
Host animal (%) Tick species '? 0 
Yellow-spotted monitor 149 (79.7) A. jimbriatum 137 11 
(Varanus panoptes) A. limbatum 0 0 
n = 33 A. moreliae 1 0 
Nymph 0 
Water python 25 (13.4) A. jimbriatum 10 5 
(Liasis fuscus) A. limbatum 1 5 
n = 8 A. moreliae 
Nymph 2 
Frilled-neck lizard 6 (3.2) A. jimbriatum 0 0 
(Chlamydosaurus kingii) A. limbatum 0 3 
n=6 A. moreliae 0 0 
Nymph 3 
Green tree snake 7 (3.7) A. jimbriatum 2 
(Dendrelaphis punctulatus) A. limbatum 2 
n=4 A. moreliae 0 0 
Nymph 
Total 152 29 
Total = 51 187 (100) 187 
chain reaction (PCR) protocols targeting the 18S ribosomal 
RNA gene. 
MATERIALS AND METHODS 
Sample site, tick, and blood collection 
In October 2005 and January 2006, 252 adult and nymphal ticks, 
representing 3 Amblyom[f!a species, were collected from 4 Squamata 
taxa at the Djukbinj National Park and Fogg Dam Nature Reserve, near 
Humpty Doo, Northern Territory, Australia. The ticks were collected 
randomly during routine reptile trapping and placed immediately into 
70% ethanol. Ticks were pooled according to sex and host'lmimal (Table 
I). The reptile hosts sampled included 33 yellow-spotted monitors (Var-
anus panoptes), 8 water pythons, 6 frilled-neck lizards (Chlamydosau-
rus kingii), and 4 green tree snakes (Dendrelaphis punctulatus). Pooling 
for molecular analysis resulted in 187 samples consisting of 1-5 ticks 
(Table I). 
In addition, at the time of trapping, blood smears were collected for 
microscopic examination from 45 individual reptiles, representing 5 
species, including 4 green tree snakes, 31 yellow-spotted monitors, 4 
water pythons, 1 blue-tongued lizard (Tiliqua scincoides), and 5 frilled-
neck lizards. Blood smears were stained using routine May-Grunwald-
Giesma protocols and examined for the presence or absence of intra-
erythrocytic parasites and free gametocytes using a compound micro-
scope. Ticks were identified morphologically with the key of Roberts 
(1970). 
DNA extraction 
Before DNA extraction, ticks were repeatedly washed with 70% eth-
anol and allowed to air dry for 10 min on sterile paper. Each tick was 
finely diced with a new sterile scalpel blade and processed using the 
DNeasy tissue kit (QIAGEN, Germantown, Maryland) according to the 
manufacturer's protocol. During the digestion period, which was ex-
tended to 24 hr, samples were frequently crushed with separate sterile 
plastic homogenizers to aid DNA extraction. 
peR and sequencing methods 
Initial detection of the presence of Hepatozoon species was under-
taken using PCR with primers (HepF300, GTI TCT GAC CTA TCA 
GCT TIC GAC G; HepR900, C AAA TCT AAG AAT TIC ACC TCT 
GAC) targeting the 18S ribosomal RNA gene described by Ujvari et 
al. (2004), generating a 600-bp fragment. Selected positives were used 
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to amplify larger portions of the 18S rRNA gene using the following 
primer sets: 4558F, GCT AAT ACA TGA GCA AAA TCT CAA; 
2773R, CGG AAT TAA CCA GAC AAA T (Mathew et aI., 2000) and 
HAM-IF, GCC AGT AGT CAT ATG CTI GTC; HPF-2r, GAC TIC 
TCC TIC GTC TAA G (Criado-Fornelio et aI., 2006). The PCR re-
action mix involved the use of 1 /Jol of extracted tick DNA amplified in 
a 25-/Jol reaction mix containing 10 pmol of each primer; 10 mM each 
of dGTp, dATp, dTTP, and dCTP; lOX buffer A (Promega, Madison, 
Wisconsin); 25 mM MgCI2, 1 U of Taq DNA polymerase (Promega); 
and autoclaved sterile Milli-Q water (Millipore, Billerica, Massachu-
setts). Amplification was performed in an Eppendorf Mastercycler Per-
sonal (Eppendorf, Hamburg, Germany). A negative control consisting 
of autoclaved Milli-Q water in place of the template was included, and 
to demonstrate that the primers did not amplify host DNA and thus 
gave rise to false-positive results, negative controls consisting of known 
Hepatozoon sp.-free tick DNA were run with each set of reactions. (All 
other reagent concentrations remained the same.) A positive control was 
included and consisted of Hepatozoon sp. DNA collected in the previ-
ous study (Ujvari et aI., 2004). Resultant PCR products were separated 
on a 1% agarose gel run in Tris borate-EDTA buffer and stained with 
ethidium bromide for examination with UV transillumination. PCR 
products were purified for sequencing using a QIAquik purification kit 
(QIAGEN). A 12-/Jol sequencing mix, containing between 30 and 90 
nmol of DNA, Milli-Q water, and 3.2 pmol of either forward or reverse 
primer was prepared for each positive sample selected. The PCR prod-
ucts were purified, and sequenced from both directions on an ABI 
3130xl Genetic Analyzer using BigDye Terminator y'3.1 kit (Applied 
Biosystems, Foster City, California). 
Phylogenetic analYSis 
Consensus sequences were created with manual alignments of the 
forward and reverse sequences and submitted to GenBank (NCBI, 
BLAST) to identify similar Hepatozoon species and related taxon se-
quences. Sequences available for members of the genus and related 
Apicomplexa were selected for phylogenetic comparison. The sequenc-
es were aligned using the Clustal algorithm available in the Mega 3.1 
program (Kumar et aI., 2004). Phylogenetic relationships were deter-
mined using distance matrices under the assumption of Juke-Cantor, 
P-distance, Tamurae-Nei, and Kimura-2. Each matrix was used as a 
basis for the formation of dendrograms using the neighbor-joining, un-
weighted pair group method with arithmetic mean, minimum evolution, 
and maximum parsimony methods. The reliability of each tree branch 
node was estimated via the performance of 1,000 bootstrap replicates. 
RESULTS 
Tick infection 
In total, 252 adult (n = 246) and nymphal (n = 6) ticks were 
collected from 4 reptile taxa. The observed ticks belonged to 3 
different species of Amblyomma and are well known parasites 
of reptiles, i.e., Amblyomma jimbriatum is distributed across 
Australia, Papua New Guinea, and the Philippines, whereas Am-
blyomma limbatum and Amblyomma moreliae are only found 
in Australia (Roberts, 1970). Pooling of the 252 ticks into same 
sex/host yielded a total of 187 samples for PCR analysis. From 
the 33 yellow-spotted monitors sampled, 149 tick samples were 
collected; 25 samples were obtained from the 8 water pythons; 
6 tick samples originated from each of the 6 frilled-neck lizards; 
and 7 samples were hosted by the 4 green tree snakes (Table 
I). Of the 187 samples for molecular analysis, 166 were A. 
jimbriatum ticks (88.8% of the entire tick collection), 12 (6.4%) 
were A. limbatum ticks, 3 (1.6%) were A. moreliae, and 6 
(3.2%) were Amblyomma nymphs that were not identified to 
species level (Table I). 
Ticks sampled from the monitor lizards were primarily fe-
male A. jimbriatum (n = 137, and 11 males), and 1 female A. 
moreliae. All 3 species of Amblyomma parasitized the water 
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TABLE II. Hepatozoon detection in tick samples. 
Hepatozoon DNA 
Tick species No. of ticks collected positive ticks 
A. fimbria tum 166 148<;' 180 95 93<;' 20 
A. limbatum 12 2<;' 100 7 l<jl 60 
A. moreliae 3 2<;' 10 3 2<;' 10 
Nymphs 6 3 
Total 187 152 <;' 290 108 96<;' 90 
pythons, with the majority being A. jimbriatum ticks (n = 15), 
followed by A. limbatum (n = 6) and A. moreliae (n = 2) ticks. 
An additional 2 water python tick samples contained Ambly-
omma sp. nymphs. Of the 6 samples collected from frilled-neck 
lizards, half were nymphs and half were male A. limbatum. 
Green tree snakes generated 7 samples, of which 1 was an Am-
blyomma sp. nymph (14.3%) and the remaining 6 were equally 
divided between A. jimbriatum and A. limbatum. 
. 18S ribosomal RNA gene amplification 
PCR screening targeting the 18S ribosomal RNA gene de-
tected Hepatozoon sp. positivity in 57.7% (n = 108) of tick 
samples, from all 3 tick species (Table II). The majority of the 
Hepatozoon sp. positive tick samples were composed of A. jim-
briatum 87.9% (n = 95). Seven (6.5%) of the positive samples 
originated from the A. limbatum ticks, of which 6 were male 
and 1 was female. All of the A. moreliae ticks (n =3) and half 
of the 6 nymphal tick samples (n = 3) harbored the Hepatozoon 
sp. protozoa (Table II). 
In terms of the host origin of positive ticks, 27 (81.8%) of 
the 33 monitors were infested with 1, or more, samples; 88 
(81.5%) of the 108 total positive samples originating from this 
reptile. Five of the 8 (62.5%) water pythons sampJed had 1, or 
more, positive samples, representing 13 (12%) of the total sam-
ples testing positive. Only 3 (2.8%) positive samples originated 
from frilled-neck lizards; however, this represented 75% of the 
4 animals sampled. Of the 6 green tree snakes, 4 (66.7%) had 
positive tick samples representing 3.7% of the total. 
Hepatozoon sp. sequence analysis 
Six DNA samples extracted from ticks (1 A. moreliae from 
a water python, 1 A. jimbriatum from another water python, 
and 4 A. jimbriatum from monitors) were successfully se-
quenced using forward and reverse primers. The resultant se-
quences were aligned and then truncated where necessary to 
form consensus sequences and used in phylogenetic analysis. 
The sequences were submitted to NCBI GenBank, with acces-
sion numbers as follows: EU430231, A. jimbriatum from V. 
panoptes (577 bp); EU430232, A. jimbriatum from V. panoptes 
(574 bp); EU430233, A. moreliae from L. fuscus (523 bp); 
EU430234, A. jimbriatum from V. panoptes (924 bp); 
EU430235, A. jimbriatum from V. panoptes (570 bp); and 
EU430236, A. jimbriatum from L. fuscus (945 bp). BLAST 
analysis of each sequence varied. Two of the 4 sequences from 
A. jimbriatum ticks collected from a monitor host (EU430231 
and EU430232) shared highest sequence identity to Hepatozoon 
ayorgbor (>98%) and Hepatozoonfelis Spain I and 2 (>97%). 
The remaining 2 (EU430234 and EU430235) were most closely 
matched to the Hepatozoon species previously identified in rep-
tiles (>99%), followed by H. ayorgbor (>98%). The A. jim-
briatum sample collected from the water python host 
(EU430236) also matched closest with H. felis Spain 1 and 2 
(>97%) and H. ayorgbor (>96%). The A. moreliae sample tak-
en from a water python host (EU430233) shared closest se-
quence identity to a Hepatozoon species previously identified 
in reptiles (>99%), followed by H. ayorgbor (>98%). Three 
of the samples that matched closest to the Northern Territory 
Hepatozoon species detected in reptiles all shared high se-
quence identity with one another, as did the remaining 3 that 
matched with H. ayorgbor and H. felis Spain 1 and 2, indicating 
that 2 distinct Hepatozoon species or genotypes were present 
within these ticks. 
The phylodendrogram topology of the sequences using all dis-
tance matrices and parsimony methods showed similar scenario 
(Figs. 1, 2). Comparisons between published 18S rRNA gene se-
quences of Hepatozoon sp. and related protozoan species confirm 
that the sequences belonged to Hepatozoon (Fig. 1). In the tree 
generated for the 18S rRNA gene comparing the 6 reptile tick 
genotypes with other Hepatozoon and protozoan species, the 3 
genotypes matched most closely to H. ayorgbor and H. felis Spain 
1 and 2, forming a monophyletic lineage in between a monophy-
letic sister group containing the 2 H. felis sequences and another 
composed of H. americanum and the Curupira strain 2 of H. canis 
(Fig. 1). The remaining 3 sequences that shared close sequence 
identity to the Northern Territory reptile Hepatozoon species were 
present within 2 sister lineages composed entirely of the reptile 
Hepatozoon genotypes (Fig. 1). Two of the sequences originating 
from A. moreliae and A. jimbriatum ticks collected from a monitor 
and water python (EU430233 and EU430234) were grouped in 1 
phyletic line and the other, from A. jimbriatum collected from a 
water python (EU430235), was grouped with the remaining se-
quences available for the Northern Territory reptile Hepatozoon 
species (Fig. 1). 
When comparing the Hepatozoon sp. 18S rRNA sequences 
obtained from the reptile ticks with members of the genus only, 
the topology of the tree was similar, but with some variations 
(Fig. 2). Once again the first genotype group matching closest 
to H. ayorgbor and the Spain 1 and 2 H. felis species formed 
a distinct monophyletic lineage group with high bootstrap sup-
port (Fig. 2). The location of this phyletic line did not vary and 
was positioned between the same monophyletic groups con-
taining the frog species H. catesbianae in one, the H. ameri-
canum and the related H. canis Curupira 2 strain in another 
(Fig. 2). The genotypes matching closest to the Northern Ter-
ritory reptile Hepatozoon genotypes (EU430233-EU430235) 
differed in their placement, compared with the previous tree 
containing both Hepatozoon species and other protozoa (Figs. 1, 
2). Another genotype (A. jimbriatumlV. panoptes, EU430234) 
formed a monophyletic group with H. ayorgbor and a species 
identified in the cotton rat (Sigmodon hispidus) (Fig. 2). An-
other genotype (A. moreliaelL. fuscus, EU430233) was grouped 
in a sister lineage to the first described, branching off at the 
base, with 1 of the Northern Territory reptile Hepatozoon se-
quences and 2 identified in bank voles (Clethrionomys glareo-
Ius) (Fig. 2). The last of the reptile-related genotypes (A. jim-
briatumlV. panoptes, EU430235) was positioned in a mono-
phyletic group containing only Northern Territory reptile se-
quences (Fig. 2). 
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H sp. L fuscus AY252105 
H sp. V panoptes AY252105 
H sp. V panoptes AY252107 
'------ H sp. L fuscus AY2l2104 
'-------A firrbriatLfll VP E~ 
'--------- H sp. S cuctJlatus 2 AY252111 
9B 
,------Hsp. VscalaisAY252100 
,-----A rroreiiae LF El.J4:D233 
A firrbriatLfll VP EI.J43:E34 
H sp. S cLCulatus 1 AY252110 
H sp. V scalaris AY252100 
,------H sp. Bark Vde 1 AYOOO526 
,-----H sp. vvnte foaled nice AF€2IYJZ1 
99 
H sp. O:ttrn rat AF62X126 
H sp. Bai< Vde 2 AYWJ625 
H ayorgn- AF157822 
H catesbianae 1 AF1:D361 
H catesbianae 2 AF176837 
Hfelis Spain 1 AYs:n?32 
H felis Spain 2 AY62!l681 
A firrbriatLfll LF El.J4:n?36 
A firrbriatLfll VP EU43l231 
A firrbriatLfll VP El.J4:D?32 
H arrericarun AF176836 
85 Hca1is ~ra2AY461377 
.--------- H ca1is Verezuela 21JQ!1:R;4O 
68 
100 
89 
H caris AF176836 
H ca1is D:lg Spain 2 AY461378 
H ca1is D:lg-2B 00111754 
H ca1is Fax Spain 1 AY1f1r157 
Hca1is ~ra 1 AY461376 
H ca1is OJn.Pra 3 AY461375 
,----- Plasm:xiLfll falciparun PFAR3EB 
95 
PlasrroclLfll "laX PIII.B3234 
PlasrroclLfll berg1ei M14599 
PlasrroclLfll galliru::eum 1vB1723 
Babesia I:x:Ns AY1!:rrl59 
Babesia ellis AY15CXE8 
Babesia d\el"Q9l1S AJ43:l713 
Babesia roc:J-airi 1\/67565 
lreileria b.JffeIi AF2:B:Hl 
lreileria paMl AF013418 
OycIospora sp. CSlJ40261 
Brreria terella ETU40264 
Brreria falciforrris AFOOO614 
Sporgc:staurus sp. LSL62355 
CeratiLfll lusus AFW2153 
.--------- Sarrocystis terella l24383 
.------- Sarrocystis nuis 1vB4244 
Isospora bellii AF1<m35 
Taxcpasma g:rdi l.24381 
Neoopora carinLfll I'O.J:mOO 
FIGURE 1. Phylogenetic tree showing the classifiGation of the Hepatozoon species detected in Amblyomma spp. ticks, collected from reptile 
hosts, among published Hepatozoon and protistan species. The closest relatives to the Hepatozoon sp. were used to confirm the placement of the 
species identified in this study within the genus (GenBank accession numbers shown). 18S ribosomal RNA gene sequences were aligned before 
analysis using neighbor-joining algorithm under the assumption of Kimura-2. All bootstrap values from 1,000 replications are shown on interior 
branch nodes. 
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H sp. Bark Vde 1 AYf/:XB2B 
H sp. Bark Vde 2 AY0CJ::B25 
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.---- H sp. Qitoo rat AR:l2!XQ6 
2 A firrbiatum VP EU4:n?34 
29 
H atoo;Jxr AF157822 
'--------- Hsp. Scuculatus 1 AY252110 
'----------- H sp. White footed mce AFf!12f1:JZ1 
'------------ H sp. V scalaris AY252100 
42 A firrbiatum VP EU43Z35 
r------i 
24 
35 
34 
Zl 
48 
H sp. S cucUlatus 2 AY252111 
.------ H sp. L fuscus AY2521a5 
96 
r--- Hsp. V JB10PIesAY252100 
H sp. L fuscus AY252104 
H sp. V JB10PIes AY252107 
H anericaun AF176836 
86 H caris OJn.pra 2 AY461~ 
.---- A firrbiatum VP El.J4al232 
99 
A firrbiatum VP ElJ43.Z31 
A firrbiatum LF ElJ4:n?36 
H catesbianae 1 AF13:>361 
H catesbianae 2 AF176837 
Hfelis Sj:Bn 1 AYfJ2f1t!32 
100 Hfelis Sj:Bn2AY620081 
.-------- H caris Venezuela 21X}43954O 
90 
61 
H caris AF176835 
H caris DJg Sj:Bn 2 AY461378 
'---- H caris CkJg-26 00111754 
r--- H caris o.npra 3 AY461375 
Hcaris o.npra 1 AY461376 
H caris Fox Spain 1 AY1&m7 
Babesia I:x::Ms AY15CXE9 
100 Babesia OIAS AY150058 
FIGURE 2. Phylogenetic analysis of the Hepatozoon species identified within Amblyomma spp. ticks collected from reptile hosts, using the 
neighbor-joining algorithm under the assumption of Kimura-2 are shown for the 18S rRNA gene. The tree compares the Ixodes tasmani species 
with only species of Hepatozoon, rooted with Toxoplasma gondii. All bootstrap values from 1,000 replications are shown on interior branch 
nodes. 
Morphological analysis 
Of the blood smears from 45 different reptile specimens, 16 
had intraerythrocytic parasites (35.6%). The majority of the 
blood smears originated from the yellow-spotted monitors (n = 
31), and, of these, 11 (35.5%) had erythrocytic parasites. The 
parasites were observed occupying the longitudinal length of 
the infected erythrocytes. In all 5 reptile species, only 1 parasite 
was visible per infected cell (Fig. 3A, B). In monitors, the 
erythrocyte morphology was altered and often distended lon-
gitudinally by parasite presence. The nuclei of the parasites 
were circular in shape and took up their entire width (Table III). 
Four blood smears originated from water pythons, of which 2 
contained intraerythrocytic parasites. In the latter cases, the par-
asites were also observed occupying the longitudinal length of 
the infected erythrocytes and, in some cases, distorting the cell 
size (Table III). Three of 4 green tree snake blood smears ex-
hibited parasite infection (Fig. 3A, B). The longitudinal length 
of infected cells was also affected by the parasites, often push-
ing the red cell nucleus to one side (Table I; Fig. 3A, B). The 
m t cy te 
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TABLE III. Measurements (micrometers) of gametocytes observed in 3 
reptile species. 
Yellow-spotted 
monitor Green tree snake 
(Varanus Water python (Dendrelaphis 
Host panoptes) (Liasis fuscus) punctulatus) 
Infected cell Erythrocyte Erythrocyte Erythrocyte 
Gametocyte length 10.0-10.6 9.4-10.6 10.0-11.2 
Gametocyte width 2.5-3.7 1.2-1.9 3.2-3.7 
Nucleus length 2.8 2.5-2.8 2.7 
Nucleus width 2.5 2.5 2.4-2.5 
mary vectors for Hepatozoon species in ophidian hosts, with 
low specificity being observed for a range of mosquito genera 
via experimental transmission (Sloboda et aI., 2007). 
The detection of Hepatozoon sp. DNA in 57.7% of the 3 
Amblyomma species sampled in this study, coupled with close 
sequence identity (>99%) with the Hepatozoon species previ-
ously found infecting the Northern Territory reptiles (Ujvari et 
aI., 2004; Ujvari and Madsen, 2005; Madsen et aI., 2005), sug-
gests the source of the reptile infection needs to be clarified to 
assess whether it originated from the ticks (either through tick 
feeding or ingestion), or other invertebrates, or via the ingestion 
of intermediate prey items (such as frogs, lizards, or small 
mammals). Both females and males of the 3 Amblyomma tick 
species in this study were found to be harboring Hepatozoon 
sp., with 81.8% of monitors (n = 33), 75% of frilled-neck liz-
ards (n = 6), 66.7% of green tree snakes (n = 4), and 62.5% 
of water pythons (n = 8) hosts sampled infested with 1, or 
more, positive tick s'amples. The lowest prevalence of Hepa-
tozoon sp. detection in the tick samples were collected from the 
8 water pythons, although still high at 62.5%. Estaplishing cyst 
formation in the ticks screened in this study and Hepatozoon 
sp. detection in other invertebrates would assist in establishing 
the source of water python infection. Screening of the dusky 
rat (Rattus colletti), the preferred mammalian prey item com-
posing up to 95% of the water python diet (Shine and Madsen, 
1997), would assist in establishing secondary transmission. 
Blood smears confirmed parasitic infection in the 4 reptiles 
from which the ticks were collected for this study, as well as 
in an additional species, the blue-tongued lizard. Although the 
observed level of parasitemia (35.6%) was lower than the 
66.0% infection of Hepatozoon hinulinae observed in the large 
Australian skink (Eulamprus quoyii) in central Queensland, 
Australia (Salkeld and Schwarzkopf, 2005). Previously, molec-
ular screening by Madsen et aI. (2005) and Ujvari et aI. (2004) 
in the same animals sampled in this study confirmed the para-
site responsible for observed parasitemia as being a species of 
Hepatozoon. 
Although not proven that the Hepatozoon sp. observed in the 
reptiles originated from the ticks, it is of note that the highest 
detection of Hepatozoon sp. in the ticks and parasitemia in the 
host, was observed in the green tree snakes, with 66.7% (n = 
4/6) of the snakes harboring positive ticks and 75% (n = 3/4) 
of snakes possessing observable intraerythrocytic gametocytes 
(Fig. 3A, B). In the water python, 62.5% of the snakes had 
Hepatozoon sp. positive ticks and 50% possessed intraeryth-
rocytic parasites. One of 4 blood smears originated from a py-
thon from which ticks had also been collected, and in this case 
Hepatozoon sp. was detected in both the ticks and blood. 
Genetic information for the 18S rRNA gene of Hepatozoon 
sp. is available for very few species, making phylogenetic com-
parison difficult (Mathew et aI., 2000; Sloboda et aI., 2007). 
Six positive sequences obtained in this study represented 2 dis-
tinct genotypes, with 3 sequences in each. The first 3 in group 
I, shared greatest sequence similarity to Hepatozoon sequences 
obtained from the same reptile population described by Ujvari 
et aI. (2004) (Figs. I, 2). The second closest match was to H. 
ayorgbor (>98%), a recently identified parasite, detected in 
78.2% (n = 53) of blood smears from Python regius from Gha-
na, Africa (Sloboda et aI., 2007). In contrast to H. ayorgbor, 
the Northern Territorian reptile Hepatozoon species was char-
acterized by the presence of only I gamont in infected eryth-
rocytes, with a much longer gametocyte in all infected cells 
(Sloboda et aI., 2007). 
The effect of the Hepatozoon species in water pythons, al-
though considered to be a rare phenomenon in snakes (Santos 
et aI., 2005), is similar to that seen in accidental infections in 
reptile hosts kept in captivity (Wozniak et aI., 1996). Because 
prevalence is so high in the water python population (Ujvari et 
aI., 2004; Ujvari and Madsen, 2005; Madsen et aI., 2005), it is 
unlikely that water pythons are accidental hosts. Rather, the 
infection is most likely the result of a recent introduction, ex-
plaining the observed virulence. Future molecular analysis 
could resolve the origin of this Hepatozoon species and shed 
light on the level and timeframe of the infection in water py-
thons. Phylogenetic comparison of the 3 genotypes within 
group 1 to one another, and with the sequences in GenBank, 
firmly group them with the previously detected Northern Ter-
ritory reptile Hepatozoon species, followed by H. ayorgbor and 
rodent Hepatozoon species (Figs. 1, 2). The grouping of rodent 
Hepatozoon species with these reptile species has a valid ex-
planation, as small mammals, including rodents, are often pre-
ferred prey items for large reptile predators. Although sequence 
identity was very high (99.8% by pairwise comparison), all 3 
genotypes in the group showed small sequence polymorphisms 
compared to one another and the 18S rRNA Hepatozoon sp. 
sequences obtained in the earlier study by Ujvari et al. (2004) 
from the reptile hosts. Despite the slight polymorphisms ob-
served between the sequences from the hosts' blood and from 
the vector ticks, they were much more similar to one another 
compared with the 2 second closest matches, and this may be 
a reflection of the low host specificity observed for the Hepa-
tozoon species. 
The other 3 sequences in group 2 showed a much greater 
level of identity (>99.9 or 100%) to each other and compared 
with group 1 genotypes, they differed considerably, indicating 
the presence of 2 Hepatozoon sp. in the A. fimbriatum ticks 
collected from the reptiles. These genotypes shared greatest se-
quence identity with H. ayorgbor and H. felis Spain 1 and 2, 
found in domestic cats (Criado-Fornelio et aI., 2006). Hepato-
zoon felis has been morphologically identified as infecting a 
wide range of domestic and wild felids worldwide, but it is 
rarely associated with severe pathology (Perez et aI., 2004). 
However, very little is known of H. felis hosts, its life cycle, 
or which vectors and/or intermediate hosts may be involved in 
its transmission (Perez et aI., 2004). The phylogenetic trees gen-
erated, comparing group 2 with species of Hepatozoon and oth-
er protozoans (Fig. 1), as well as within the genus itself (Fig. 
2), partly agrees with the BLAST analysis. In both cases, the 
trees grouped the second genotype with the 2 H. felis strains 
with high bootstrap support (Figs. 1, 2), as well as with H. 
americanum and H. canis Curupira 2, a pair of well studied 
pathogens of canids, both capable of causing fatal disease 
(Shaw et aI., 2001; Ewing et aI., 2002). These analyses support 
the suggestion that the members of group 2 are a different spe-
cies than those capable of infecting the reptile hosts. Further-
more, it is possible that these parasites infect prey species of 
the larger reptiles, such as small mammals (rodents or marsu-
pials) and amphibians. This is further supported by the absence 
of these genotypes in the previous study, which directly 
screened the reptile blood (Ujvari et al., 2004). The lack of 
overall genetic material available for most of the Hepatozoon 
species makes it difficult to undertake a comprehensive com-
parison and characterization of the 2 genotypes identified in this 
study; additional genes need to be targeted and sequenced to 
allow the relationships between species within the genus to be 
clarified. 
The origin of the reptile infection identified in the present 
study is an interesting question. As identified here, Hepatozoon 
sp. was detected in all 3 ticks species, including 50% of nymph 
samples tested. The high prevalence of infection in the reptiles 
in the Northern Territory observed here and in previous re-
search (Ujvari et aI., 2004) provides an opportunity to investi-
gate the host suitability of these tick species. The infection of 
so many different reptiles with the same Hepatozoon species 
strengthens the hypothesis that some members of the genus are 
capable of exhibiting low host specificity, inhibited only by host 
geographic distribution and access, rather than host genetic re-
lation (Sloboda et aI.,"2007). The findings of the present study 
highlight the opportunities that exist in the Northern Territory 
environment to research the interaction of 3 Amb!),omma tick 
species with a range of Hepatozoon sp.-infected reptilian hosts. 
These interactions also allow for the study of differing host 
responses to Hepatozoon sp. infection, including those associ-
ated with pathology (Ujvari et al., 2004; Madsen et aI., 2005) 
and whether the ticks involved are capable of developing an 
infection and playing a role in the parasite's life cycle. 
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along internal wall of apical organ and granular mass filling central and 
apical part (Figs. 1, 2, 5). Proliferative zone short (Fig. 3). 
Testes medullary, spherical to oval, in 1 or 2 incomplete layers (Fig. 
15), forming 1 field between osmoregulatory canals and ovary (Figs. 
6-8). Vas deferens strongly coiled, well developed, crossing midline of 
proglottid (Figs. 7, 8). Cirrus-sac pyriform, often slightly oblique (Figs. 
7, 8, 10), thin-walled, relatively large in relation to width of proglottid 
(Table I). Internal sperm duct thin-walled, strongly coiled; ejaculatory 
duct thick-walled, long, forming several loops; cirrus long, occupying 
about 112 to 2/3 of cirrus-sac length. Genital pore alternating irregularly, 
always pre-equatorial (Figs. 6-9, Table I). Genital atrium shallow (Figs. 
10, 11). 
Ovary bilobed (both in dorsoventral view and cross section), with 
very wide and short, deeply lobed lateral wings (Figs. 6-8). Vagina 
thick-walled, anterior (55% of proglottids; n = 55) or posterior (45%) 
to cirrus-sac, with ring-like vaginal sphincter ne¥ terminal part (Figs. 
10, 11, 16, 18). Vitelline follicles in 2 longitudimil bands on both sides 
of proglottid, occupying almost its total length, also present lateral along 
ovarian wings (Figs. 6-8); bands interrupted at level of terminal geni-
talia on ventral side (Figs. 6, 7), with few follicles on dorsal side (Figs. 
8-10). 
Uterus with development of type 1, according to de Chambrier et al. 
(2004), briefly characterized as follows: In immature proglottids, uterine 
stem present as wide longitudinal concentration of chromophilic cells 
along median line. Lumen of uterus appears in last immature proglot-
tids, gradually extending to form tubular structure. Eggs appear simul-
taneously with formation of lateral, thick-walled diverticula lined with 
chromophilic cells (Fig. 8). In gravid proglottids, lateral diverticula re-
main thick-walled (Figs. 6, 7). 
Eggs with hyaline outer envelope possessing paired lateral auricular 
swellings (extensions, Fig. 12); embryophore thick, widely oval to 
spherical, consisting of 2 layers, outer transparent layer and nuclei-
containing inner envelope; oncospheres oval to almost spherical, with 
6 embryonic hooks (Fig. 12). 
Taxonomic summary 
Type host: Clarias anguillaris (Linnaeus, 1762) (Siluriformes: Clar-
iidae). 
Type locality: Nile River'in Cairo, Egypt. 
Other definitive hosts: Clarias gariepinus (Burchell, 1822); Clarias 
cf. anguillaris. 
Site of infection: intestine. 
Prevalence: In South Africa: prevalence = 3% (n = 337), intensity 
of infection = 1-17 (Mashego and Saayman, 1989) and 14% (n = 7; 
intensity 2) (Barson and Avenant-Oldewage, 2006). In Khartoum, Su-
dan: prevalence = 7% (n = 14) and intensity of infection = 1. In Kostl, 
Sudan: prevalence = 19% (n = 16) and mean intensity = 2 (range 
1-4). In Lake Tana, Ethiopia: prevalence = 5% (n = 65) and intensity 
= 1.7 (1-3). 
Distribution: Egypt, Ethiopia, Sudan (Nile River basin), South Africa. 
Synonym: Ichthyotaenia glanduligera Janicki, 1928; misspelled as 
Proteocephalus glanduligera (Janicki, 1928) Fuhrmann, 1933 and Pro-
teocephalus glandula ria (Janicki, 1928) Wardle and McLeod, 1952 (ge-
neric name, Proteocephalus, is a masculinum and thus the ending of 
the specific name should be "glanduligerus" to match the gender of 
the genus). 
References: Janicki (1928), Fuhrmann (1933), Khalil (1971), Van As 
and Basson (1984), Mashego and Saayman (1989), Khalil and Polling 
(1997), Mashego (2001), Barson and Avenant-Oldewage (2006), and 
present study. 
REMARKS 
Proteocephalus glanduligerus was proposed as Ichthyotaenia 
glanduligera by Janicki (1928) to accommodate tapeworms (1 
small specimen and a fragment of another one) found in the 
intestine of C. anguillaris in Cairo, Egypt. The original descrip-
tion was brief and provided very limited data on the strobilar 
morphology because the author did not find the species to differ 
considerably from that of other congeneric taxa, Le., "Die Stro-
bila selbst bietet wenig Spezifisches, sie widerholt die allge-
meinen Charaktere der Ichthyotaenien" (Janicki, 1928). The au-
thor illustrated the anterior part of the tapeworm, its scolex, and 
gravid proglottid with a uterus filled with numerous eggs. 
Mashego (2001) redescribed the species on the basis of 12 
specimens collected in C. gariepinus from 4 lakes (water res-
ervoirs) in the northern province of South Africa. The author 
provided a reasonably good illustration of the scolex (Fig. 1 in 
Mashego, 2001) and a description of internal morphology. 
However, his account by far did not provide ". .. a complete 
morphological description of this parasite," as stated to be the 
purpose of that study (Mashego, 2001), because several impor-
tant details of strobilar morphology were missing; similarly, nu-
merous measurements (see Table I) and illustrations of cross 
sections, terminal genitalia, and ripe eggs liberated from the 
uterus were missing. In addition, all 3 illustrations of prog10ttids 
were very schematic and contained several mistakes, Le., an 
incorrect position of osmoregulatory canals in relation to the 
cirrus-sac (compare Figs. 2, 3 in Mashego, 2001 with Figs. 10, 
11 in the present paper), shape of the ovary (illustrated as en-
tire, without lobes), position of the vagina (ventral to the uterus 
in Fig. 4 in Mashego, 2001), and the shape of the uterus in 
gravid proglottid (Fig. 4 in Mashego, 2001), which lacks lateral 
diverticula (compare with Figs. 6, 7, 9 in the present paper). In 
addition, figure 3 in Mashego (2001), allegedly illustrating a 
mature proglottid, is in fact the figure of a pre gravid or gravid 
proglottid because it contains a well-developed uterus filled 
with numerous eggs. 
The present study has revealed that P. glanduligerus is a 
valid species which differs markedly from all species of Pro-
teocephalus sensu lato (see de Chambrier et aI., 2004) and other 
proteocephalidean cestodes parasitic in African freshwater fish-
es. The most important diagnostic features of the species are as 
follows: (1) The presence of a large-sized, spherical to widely 
oval apical organ, the diameter of which markedly (1.6-3.5 
times) exceeds the diameter of lateral suckers. Such a large 
apical organ devoid of any muscular element is very rare in 
proteocephalidean tapeworms (Freze, 1965; Rego, 1994; de 
Chambrier and Paulino, 1997; Rego et aI., 1998; Mashego, 
2001); (2) The position of the dorsal osmoregulatory canals, 
which are often situated lateroventral to the testes but dorsal to 
FIGURES 1-12. Proteocephalus glanduligerus (Janicki, 1928) Fuhrmann, 1933. (I, 2) Longitudinal section of scolex at level of suckers and 
apical organ, respectively. Specimen from Clarias cf. anguillaris, Kostl, Sudan. (3, 4) Whole worm and scolex (slightly deformed), respectively. 
Specimen from C. cf. anguillaris, Kostl, Sudan, respectively. (5) Cross section of scolex. Specimen from Clarias gariepinus, South Africa. (6-8) 
Pregravid and gravid proglottids. Specimens from C. cf. anguillaris, Kostl, Sudan, respectively. (6, 7) Ventral views; (8) dorsal view. (9) Gravid 
proglottid. Specimen from C. gariepinus, Bahir Dar, Lake Tana, Ethiopia; dorsal view. (10, 11) Terminal genitalia. Specimen from C. cf. anguillaris, 
Kostl, Sudan; dorsal view. In Figure 11, vitelline follicles omitted. (12) Eggs in distilled water. Specimen from C. gariepinus, Bahir Dar, Lake 
Tana, Ethiopia. Abbreviations: ao--apical organ; cs--cirrus-sac; do--dorsal osmoregulatory canals; oe--outer envelope; te-testes; ut-uterus; 
vi-vitelline follicles; vo--ventral osmoregulatory canal; vs-vaginal sphincter. Scale bars: 1, 2 = 250 [.Lm; 3 = 1 mm; 4, 5, 7, 9 = 200 [.Lm; 
10,11 = 100 [.Lm; 12 = 20 [.Lm. 
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TABLE I. Comparative measurements of Proteocephalus glanduligerus (in micrometers unless otherwise stated). 
Country 
Author 
Host 
Total length (mm) 
Maximum width 
No. proglottids 
Scolex width 
Diameter of suckers 
Apical organ 
Length 
Width 
Immature proglottids 
Length 
Width 
Mature proglottids 
Length 
Width 
Pregravid proglottids 
Length 
Width 
Gravid proglottids 
Length 
Width 
Testes 
Diameter 
Number 
Cirrus-sac 
Length (l) 
Width (w) 
l:w ratio 
Relative size* 
Position of genital poret 
Ovary 
Length 
Width 
Relative size:!: 
Mehlis' glands 
Relative size§ 
Vaginal sphincter 
Vitelline follicles II 
Poral 
Aporal 
Uterine diverticula# 
Eggs'll 
Outer envelope 
Embryophore 
Oncosphere 
Embryonic hookstt 
Clarias 
anguillaris 
Egypt 
Janicki (1928) 
9 
590 
25 
780 
140 
7 
16 
* Percent of length of cirrus-sac to width of proglottid. 
C. gariepinus 
South Africa 
Mashego (2001) 
8-15 
10-21 
390-610 
90-140 
280-520 
220-400 
730-1,070 
410-590 
30-60 
33-52 
220-370 
110-150 
180-200** 
t Percent of position of genital pore (cirrus pore) to length of proglottid. 
:j: Percent of width of ovary to width of proglottid. 
§ Percent of diameter of Mehlis' gland to width of proglottid. 
II Percent of length of lateral band of vitelline follicles to length of proglottid. 
# Number of lateral branches (diverticula) on each side. 
'lI Diameter. 
C. gariepinus 
South Africa 
Barson & Avenant-Oldewage (2006) 
7-13 
520-1,080 
45-58 
820-920 
320-480 
360 
280 
130 
450 
140 
30 
** Apparently author's error (see scale bars in Figs. 3 and 4); the actual diameter was most probably 18-20 .... m. 
tt Length. 
c. cf. anguillaris 
Sudan 
Present study 
8-25 
655 
30-38 
420-560 
1l0-170 
250-400 
245-280 
115-310 
300-365 
545-665 
425-595 
575-720 
425-650 
630-970 
450-645 
40-60 
37-48 
135-170 
70-75 
1.9-2.2 
29-35% 
29-40% 
140-210 
200-310 
49-56% 
50-60 
12-14% 
27-30 
93-97% 
87-93% 
9-14 
40-50 
19-20 X 22-24 
9-10 X 13-15 
5-7 
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DEVELOPMENT AND APPLICATION OF A FECAL ANTIGEN DIAGNOSTIC SANDWICH 
ELISA FOR ESTIMATING PREVALENCE OF FASCIOLA GIGANTICA IN CATTLE IN 
CENTRAL JAVA, INDONESIA 
Endah Estuningsih, Terry Spithill*, Herman Raadsmat, Ruby Law:j:, G. Adiwinata, Eis Meeusen§, and David Piedrafitall 
Indonesian Research Institute for Veterinary Science, Bogor, West Java, Indonesia. e-mail: davidpiedrafita@med.monash.edu.au 
ABSTRACT: The purpose of this study was to compare the sensitivity and specificity of an ELISA test to detect Fasciola gigantica 
antigens (coproantigens) in bovine feces, with fecal egg counting and an ELISA for detecting anti-F. gigantica antibodies in 
serum. Monoclonal antibodies to cathepsin L were generated and used to capture this antigen in feces of infected cattle. Blood, 
feces, and livers were collected from 150 cattle at an abattoir in Jakarta, Indonesia, for anti-Fasciola antibodies, coproantigen 
detection, and F. gigantica egg and worm counts. Fluke recovery varied from 1 to 426 per host, with a mean of 32 flukes. The 
results showed that the sensitivity and specificity of coproantigen detecting ELISA (95 and 91 %, respectively) was better than 
the anti-F. gigantica antibody ELISA (91 and 88%, respectively) and to fecal egg counting (87 and 100%, respectively). The 
coproantigen ELISA was able to detect 100% of the cattle with> 15 flukes. A survey of 305 cattle in central Java over a 10-
mo period validated this test in the field, demonstrating a high prevalence of fascioliasis and establishing the test as a useful 
diagnostic method to determine patent F. gigantica infections in cattle. 
Most of the 589 million cattle and buffaloes in Asia are kept 
in villages, where they play a central role in the economies of 
households by providing draft power and cash from the sale of 
milk and meat, and by contributing to the recycling of nutrients 
from crop residues. Infection by the liver fluke (Fasciola gi-
gantica) is regarded as the single most important parasitic dis-
ease in large ruminants in Asia, causing ill thrift, lower pro-
ductivity, and reduced draft power (Fabiyi, 1987; Spithill et aI., 
1999). In Indonesia the prevalence of fascioliasis in cattle is 
estimated to be 60-100% (Roberts and Suhardono, 1996), and 
the annual economic loss due to fascioliasis in cattle is esti-
mated at US$107 million, representing an annual loss per ani-
mal of US$42, or about 10% of the meat value of each animal 
(Spithill et aI., 1999).'Control of fascioliasis currently relies on 
selective treatment of individual animals with anthelmintic. Im-
plementation of an anthelmintic control program .';Vould bring 
significant economic benefit to subsistence farmers in Indonesia 
and other endemic areas in Asia and Africa. However, the ef-
fectiveness of such a control program would be enhanced by 
methods to accurately diagnose fascioliasis, so that delivery of 
treatment could be targeted to areas where disease is prevalent. 
The current diagnosis of liver fluke infection is performed 
using the identification of eggs in the feces, or detection of 
serum antibodies to specific antigens of Fasciola species (Hil-
lyer, 1999). However, during the 12-14 wk prepatent period of 
the disease, the presence of the parasite cannot be determined 
because of the lack of egg output (Spithill et aI., 1999; Almazan 
et aI., 2001). Antibodies to ES antigens and cathepsin L are 
detected in chronically infected cattle and humans, which sug-
gests that the continued release of ES antigens and cathepsin L 
by adult flukes induces an ongoing antibody response to these 
antigens (Fagbemi and Guobadia, 1995; O'Neill et aI., 1998; 
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Cornelissen et aI., 1999; Hillyer, 1999). However, serodiagnosis 
does not differentiate between patent and past infections in cat-
tle because circulating anti-Fasciola antibodies can persist in 
the serum for many months after worm expulsion (Cornelissen 
et aI., 1999; Hillyer, 1999) Thus, cattle with resolved parasite 
infection will still be scored as infected because of the presence 
of residual anti-F. gigantica serum antibodies; these "false-
positives" are a real impediment to detecting accurately cattle 
requiring treatment. 
An alternative to the detection of F. gigantica eggs or serum 
antibodies is the detection of circulating antigens using defined 
antibodies (Hillyer, 1999). The most abundant immunodomi-
nant antigens released by F. gigantica parasites are the excre-
tory/secretory (ES) antigens, of which a family of cathepsin L 
proteases is the major component (Wijffels et aI., 1994; O'Neill 
et aI., 1998). ES antigens of Fasciola hepatica could be de-
tected in cattle serum from the first week post-infection and in 
fecal supernatant from the fourth week post-infection (Alama-
zan et aI., 2001). A monoclonal antibody has been shown to 
detect F. hepatica antigens in human sera and feces as well as 
in sheep and cattle samples (Espino et aI., 1990; Espino and 
Finlay, 1994; Dumenigo, 1996, 2000; Abdel-Rahman et aI., 
1998). These observations suggest that detection of fecal ES or 
cathepsin L antigens shed by liver flukes in infected ruminants 
may provide a useful test for detection of F. gigantica. Here 
we apply this assay for the detection of F. gigantica cathepsin 
L in the feces of infected cattle and assess the prevalence of 
fasciolosis in 2 regions of central Java. 
MATERIALS AND METHODS 
Production of ES antigens of F. gigantica 
ES antigens were obtained from adult F. gigantica as described by 
Wijffels et a!. (1994) with slight modifications. Briefly, adult flukes were 
removed from bile ducts of naturally infected cattle at a local abattoir, 
and about 50 flukes were put into 100 ml PBS at 37 C for 15 min. 
Initial regurgitant containing blood, bile, and debris was removed by 
washing the parasites in RPMI culture media containing 50 Ulml strep-
tomycin, and subsequently live flukes were removed and incubated in 
fresh RPMI medium for 4-6 hr at 37 C (2 f1ukeslml RPMI). The culture 
medium was then removed, centrifuged at 2,500 rpm at 4 C for 10 min, 
and stored at -20 C until required. Protein concentration was deter-
mined using the Bio-Rad DC colorimetric assay following detergent 
solubilization (Lowry et a!., 1951). 
Generation of monoclonal antibodies 
The IgG 1 monoclonal antibodies were generated commercially at the 
Walter and Eliza Hall Institute of Medical Research, Melbourne, Aus-
tralia, by fusion of myeloma cells with spleen cells from BALB/c mice 
hyperimmunized with F. gigantica ES antigens. The immunization of 
BALB!c mice consisted of 5 intraperitoneal injections, 3 wk apart, of 
50 JoLg of ES antigens. The first injection was emulsified in Freund's 
complete adjuvant, and subsequent immunizations used Freund's in-
complete adjuvant. Putative monoclonal antibodies, expressed from suc-
cessful hybridoma fusions, were screened for the IgG isotype and tested 
for recognition of F. gigantica antigens in a standard ELISA using 
plates coated with ES antigens (2 JoLglmI). Positive hybridoma cells were 
cloned and injected intraperitoneally into pristan-primed BALB/c mice, 
and the anti-F. gigantica IgG 1 antibodies were purified from the ascites 
fluid by affinity chromatography on a protein G column (5 ml HiTrap 
Protein G, Amersham Biosciences, Sydney, Australia) according to the 
manufacturer's protocol. To allow a more rapid and sensitive test, mono-
clonal antibodies with high end-point titers were also covalently labeled 
with biotin using a succinimide ester of biotin using a standard protocol 
(Harlow and Lane, 1988). 
Purification of cathepsin L from ES antigens of F. gigantica 
Native cathepsin L was enriched from F. gigantica ES by size ex-
clusion chromatography. The cysteine protease inhibitor E64 was added 
to prevent protein degradation, and the ES proteins were concentrated 
down to 10% of the original volume by dialysis (MW cutoff 2,000, 
Serva, Sydney, Australia) in polyethylene glycol (mw of 15,000-
20,000, Sigma, St. Louis, Missouri) at 4 C on a rocker. The concentrated 
ES was then dialyzed against PBS overnight. Cathepsin L in ES was 
purified on a Superdex G75 10/30 column using PBS as the running 
buffer and fractions collected subsequently analyzed by SDS-PAGE and 
Western blot using rabbit anti-cathepsin L (1:1,000 dilution) anti-sera. 
Those fractions containing cathepsin L were pooled, and the protein 
concentration determined and stored at -20 C in the presence of 30% 
glycerol for later use. 
Immunoblotting 
, 
ES antigens (10 JoLg) or purified cathepsin L (2 JoLg) were separated 
by 12% SDS-PAGE and transferred to a nitrocellulose filter. The filter 
was blocked with 5% skim milk for 1 hr at room temperature and 
incubated for 1 hr with the generated mABI monoclonal aiitibody. After 
washing 3 times with 0.1 % Tween 20 in PBS, bound monoclonal an-
tibodies on the membranes were detected by incubation with donkey 
anti-mouse immunoglobulin conjugated to alkaline phosphatase (Sile-
nus, Melbourne, Australia). Bands were developed with p-nitro blue 
tetrazolium chloride and 5-bromo-4-chloro-3-indoyl phosphate p-tolui-
dene salt (Bio Rad Laboratories, Sydney, Australia) following the man-
ufacturer's instructions. The reaction was stopped with distilled water. 
Parasite recovery 
Cattle were killed according to the Veterinary Law of Indonesia by 
severing the jugular vein with a sharp knife. The liver was removed, 
and all the flukes from the major bile ducts and in the gall bladder were 
collected into a small jar for subsequent counting. The liver was cut 
into slices of about 1 cm in thickness, and the sliced liver was thor-
oughly squeezed and washed in saline to recover parasites within the 
liver tissue. The total number of parasites were counted and measured 
as previously described (Roberts et al., 1997). 
Fecal and serum sample analysis 
Fasciola egg counts: Fecal egg counts were performed by the sedi-
mentation method as described by Parfitt and Banks (1977) with slight 
modification. Briefly, 3 g of feces were put into a conical flask and tap 
water added to 250 mI. The fecal suspension was allowed to sediment 
for 5 min, then the supernatant decanted and the sediment re-suspended 
in 15 mI of tap water. This process was repeated 3 times, and after the 
addition of 1-2 drops of methylene blue, 1 ml of the suspension was 
counted in a McMaster Egg Counting Slide (J. A. Whitlock, Sydney, 
Australia) at 40X magnification. 
Detection of F. gigantica ES antigens in feces: Two monoclonal an-
tibodies, found to give the highest sensitivities for the detection of F. 
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gigantica ES antigens, designated mABl and biotinylated mAB2, were 
tested for their ability to detect F. gigantica antigens in cattle feces. 
One gram wet weight of feces extract was suspended in 2 ml of PBS 
containing 0.1 % Tween 20 (PBST), then centrifuged at 13,000 rpm for 
10 min, and the supernatant was collected and stored at -20 C until 
use (Espin et aI., 1990). Microtitre plates (Nunc, Roskilde, Denmark) 
were coated with 2.5 JoLgimI of mAB 1 in 100 JoLlIwell of carbonate bvffer, 
pH 9.6, and incubated overnight at 4 C. The wells were washed 3 times 
with PBST and blocked with 200 JoLI of 5% skim milk in PBST for 1 
hr at 37 C, then washed and 100 JoLI of fecal supernatant added in 
duplicate and incubated for 1 hr at 37 C. The wells were then washed 
4 times with PBST and 100 JoLI of biotinylated mAB2 (0.63 JoLg/ml) 
added to each well before incubation for 1 hr at 37 C. After washing 
again, 100 JoLI of extravidin (peroxidase conjugate; Sigma) diluted 
1:1,000 was added to the wells and incubated for 45 min at 37 C. The 
substrate was prepared by dissolving 1 tablet of Tetramethylbenzidine 
(TMB) in 1 ml of dimethylsulfoxide and mixed with 9 ml of citrate 
phosphate buffer and 2 JoLI of H20 2 (1 tablet of TMB for 1 plate). After 
washing again, 100 JoLI of substrate was added to each well, and after 
10 min the reaction was stopped with 25 JoLI of 2 M H2S04 , The optical 
density (OD) was measured at 450 nm in an ELISA reader. The cutoff 
value between negative and positive samples was calculated as the av-
erage of the OD450nm of fecal supernatant from F. gigantica naive cattle 
(n = 32) plus 3 times the SD of these fecal supernatants. 
Detection of anti-F. gigantica ES antibodies in serum: ELISA plates 
were coated with 2 JoLglml of ES of F. gigantica antigen (100 JoLI well) 
in 0.1 M sodium carbonate buffer, pH 9.6, and incubated overnight at 
4 C. IgG antibodies were detected with HRP conjugated anti-bovine 
IgG (H + L; Silenus) peroxidase conjugate (1/1,000). 
Calculation of sensitivity and specificity of ELISA and fecal egg 
counts: The sensitivity and specificity were calculated using the for-
mulas 
Specificity = TN/(TN + FP) X 100% and 
Sensitivity = TP/(TP + FN) X 100%, 
where TN stands for true negative, TP for true positive, FN for false 
negative, and FP for false positive. Animals were considered TP if F. 
gigantica were found in their liver, otherwise they were classified as 
TN. 
Animals 
Abattoir survey: Serum, feces, and livers were collected from 150 
cattle from an abattoir in Jakarta. The total fluke number and length of 
each recovered parasite was recorded. Fecal samples were assayed for 
coproantigens using the capture ELISA and F. gigantica eggs counts, 
and serum IgG anti-F. gigantica ES antibody titers were determined. 
Small numbers of paramphistomes, Gigantocotyle sp. and Eurytrema 
sp., were recovered from all cattle, but no correlation between these 
burdens and a positive or negative signal was seen (data not shown). 
Field survey: Repeated blood and fecal samples were collected 
monthly for 10 mo from 305 cattle in 2 Yogyakarta regions. Serum was 
assayed for anti-F. giganticaa antibody, and the fecal samples were 
analyzed for the presence of coproantigens and F. gigantica eggs. 
RESULTS 
Development of the 2-site capture ELISA using 
monoclonal antibodies to ES antigens 
Fasciola gigantica excretory/secretory antigens were a com-
plex mixture of proteins, with molecular masses ranging from 
5 to >70 kDa (Fig. la). Immunizing mice with this material 
yielded 4 monoclonal antibodies of the IgG 1 subclass, which 
recognized 2 predominant bands about 28 and 60 kDa (Fig. Ib, 
lane 1), as well as cathepsin L migrating at 28 kDa (Fig. Ib, 
lane 2). It is possible that the 60 kDa ES was a dimer of the 
28 kDa cathepsin L proteins because the PAGE was run under 
non-reducing conditions. Each monoclonal antibody recognized 
the same bands (data not shown), which suggests that either 
they distinguished the same or different epitopes on a single 
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FIGURE 6, Percentage positive for F. gigantica infection of 3 dif-
ferent breeds of cattle in 2 regions of Yogyakarta based on detection 
by (a) coproantigen ELISA or (b) eggs per gram in feces. 
in the feces or detection of serum antibodies, has driven at-
tempts to develop a more accurate diagnostic tool. In the pres-
ent study we evaluated whether monoclonal antibodies raised 
against F. gigantica ES antigens would be able to detect the 
presence of ES antigens in the feces of animals infected with 
F. gigantica. 
We developed a capture ELISA that was capable of detecting 
coproantigens of F. gigantica in infected cattle. The monoclo-
nal antibodies reacted with a predominant band at 28 kDa and 
with the 28 kDa purified cathepsin L antigen, which suggests 
that these monoclonal antibodies most likely recognize cathep-
sin L. The detection of F. gigantica antigens in the feces of 
infected animals has several important advantages over the se-
rological assay or detection of eggs in the feces, which are 
commonly utilized for F. gigantica diagnosis. First, the co-
proantigen ELISA was the only test to score greater than 90% 
in sensitivity and specificity when compared to the detection of 
anti-F. gigantica antibodies in serum or fecal egg detection. 
Second, although fecal egg detection has the advantages of be-
ing 100% specific, is simple to perform, and can detect patent 
infections, the detection of eggs in feces has low sensitivity 
when compared to coproantigen ELISAs. Third, although serum 
anti-F. gigantica antibodies can be often detected very early 
following infection, this test does not discriminate between ac-
tive infection and prior exposure in animals recovered from 
infection. Our previous work (Estuningsih et aI., 2004) has 
shown the coproantigen ELISA detects patent infection. 
Our interest in a diagnostic assay for the detection of patent 
F. gigantica infection was to facilitate strategic anthelmintic 
treatment in developing countries, that is, to allow targeting of 
treatment to infected animals whose production traits are af-
fected by fascioliasis. A shotgun approach of treating all ani-
mals with anthelmintics several times a year is unaffordable and 
impracticable for subsistence farmers in developing countries 
(Roberts and Suhardono, 1996). Intensity of infection is an im-
portant parameter in fascioliasis because losses due to fluke 
infection in cattle are greater with increasing burdens (Spithill 
et aI., 1999). The sandwich ELISA for coproantigens described 
in this study suggests control agencies and farmers will be able 
to specifically target anthelmintic treatment to ruminants with 
burdens above 15 flukes, increasing the effectiveness of treat-
ment and reducing overall costs. 
There are virtually no published reports of the prevalence of 
F. gigantica infections in Indonesia. The limited surveys carried 
out to date indicated prevalence levels between 60 and 100% 
(Suhardono et aI., 1991; Roberts and Suhardono, 1996); in gen-
eral, the prevalence in cattle and buffaloes is considered to be 
high in Indonesia. In the present study, we found a high oc-
currence of fascioliasis in the Yogyakarta region of Indonesia 
with prevalence in cattle up to 80-90% in both regions studied. 
The percentage of animals infected increased during the study 
from August to July and was higher in Bantul relative to the 
Kulon Progo region. This was expected because the Bantul re-
gion is near a coastal area where there is more rice cultivation, 
one of the major predisposing risk factors for liver fluke infec-
tion (Spithill et aI., 1999). Our study also suggests that there 
are between-breed variations in susceptibility to F. gigantica 
infection. Ongole cattle showed the highest mean F. gigantica 
intensity of infection overall in both regions, but it was partic-
ularly higher in the Kulon Progo region. These finding are sim-
ilar to those of Wiedosari et aI. (1999), who reported that On-
gole cattle were more susceptible to F. gigantica infection than 
other breeds, e.g., Bali cattle and buffalo. 
In summary, ELISA for coproantigens evaluated in this study 
was able to detect 100% of cattle infected with greater than 15 
liver flukes, suggesting that this test may be used as a detection 
system to aid strategic targeted anthelmintic treatment of those 
infected animals at highest risk of suffering economic loss. The 
coproantigen ELISA capture assay has the advantage over the 
conventional indirect ELISA for the detection of anti-F. gigan-
tica antibodies in serum or the detection of fecal egg counts 
currently available in Indonesia in that patent migrating and 
adult infections in the majority of cattle will be identified. Col-
lection of feces, rather than serum, will also allow a more cost-
effective, field-adaptable, and socially acceptable assay. 
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LEISHMANICIDAL ACTIVITY OF YUCATECAN MEDICINAL PLANTS ON LEISHMANIA 
SPECIES RESPONSIBLE FOR CUTANEOUS LEISHMANIASIS 
Giulia Getti, Priyanka Durgadoss*, Dafne Domlnguez-Carmonat, Zhelmy Martln-Quintalt, Sergio Peraza-Sanchezt, 
Luis Manuel Peiia-Rodrlguezt, and David Humber:j: 
School of Health and Bioscience, University of East London, London, E15 4LZ, U.K. e-mail: g.getti@uel.ac.uk 
ABSTRACT: The leishmanicidal activity of 15 extracts and 4 pure metabolites obtained from Urechites andrieuxii, Colubrina 
greggii, Dorstenia contrajerva, and Tridax procumbens was evaluated using the newly developed MTS ({ 3-(4,5-dimethylthiazol-
+2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) assay, optimized for promastigotes of Leish-
mania major, Leishmania tropica, and Leishmania aethiopica, as well as for L. aethiopica axenic amastigotes, The assay was 
then used for calculating the percentage of viable stationary phase parasites after a 24-hr treatment with each plant extract or 
pure metabolite, The 3 most active samples, 2 from C. greggii (NCG-5C and DCG-3A) and I from T, procumbens (TPZ-2A), 
showed LDso values of 62.4,7.2, and 18.5 ILgiml, respectively, on stationary promastigotes, and of 94,2,27,1, and 95.2 ILgiml, 
on amastigotes of L. aethiopica, Moreover, TPZ-2A and DCG-3A significantly reduced the percentage of infected monocyte-
derived macrophages (THP-I), The percentage of infected cells decreased from 69,9% ± 2,5% to 20,8% ± 2% when the cells 
were treated with the DCG-3A fraction and to 14,9% ± 0,5% when treated with TPZ-2A, without significantly decreasing the 
number of human cells, These findings indicate the presence of potentially bioactive metabolites in the roots of C. greggii and 
in T. procumbens and reflect the importance of pursuing the bioassay-guided purification of these metabolites. 
Leishmaniasis is a group of tropical diseases caused by pro-
tozoan parasites. These parasites enter immune system cells fol-
lowing the bite of an infected sand fly and spread either to the 
skin, causing disfiguring lesions, or to internal organs, causing 
lethal infections (Pearson et aI., 1983), This disease affects over 
20 million people around the world and is now endemic to 88 
countries on 5 continents. About 350 million people are at risk 
of being infected, with 1,5-2 million children and adults de-
veloping the disease each year (Desjeux, 2004). The global 
prevalence of leishmaniasis has risen in recent times because 
of an increase in international travel, human alteration of both 
vector and host habitats, and concomitant factors that increase 
susceptibility, such a~ human immunodeficiency virus infection 
and malnutrition. Recent international conflicts have also con-
tributed to an increase in and spread of leishmaniasis in pre-
viously unaffected countries (Rosypal et aI., 2003), In Mexico, 
clinical and epidemiological studies have demonstrated that the 
woodland regions of the Yucatan peninsula constitute an en-
demic area for this disease (Arguello, 1995; Vargas-Gonzalez 
et aI., 1999; Andrade-Narvaez et aI., 2005). 
Although the causative agents of leishmaniasis have been 
known and studied since 1903 (Donovan, 1903; Leishman, 
1903), to date, an effective cure for the disease does not exist. 
The chemotherapeutic agents most commonly used for treating 
leishmaniasis, i.e" sodium stibogluconate (Pentostam®), N-me-
thylglucamine antimoniate (Glucantime®), pentamidine (Penta-
carinat), and amphotericin B (Fungizone®, Ambisome®), are not 
effective when administered orally. Moreover, they often re-
quire long periods of treatment and cause serious side effects, 
including cardiac and renal toxicity (Murray, 2001; Aken-
dengue et aI., 2002). This has prompted the World Health Or-
ganization (WHO) to emphasize the need for development of 
new drugs in the treatment of leishmaniasis (WHO, 2005). An-
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other drug that recently became available for the treatment of 
leishmaniasis is miltefosine. The use of this drug was approved 
in India in 2002 and in Colombia in 2005; it is still under 
investigation for possible use in the rest of the world. 
Recently, information regarding the use of plants in tradi-
tional medicine has been of considerable interest for the acqui-
sition of new and better pharmaceuticals, It is estimated that 
close to 90% of all plant species have yet to be studied for their 
potential as anti-Leishmania spp. agents (Hamburger and Hos-
tettmann, 1991; Kinghorn, 1992). Mexico is recognized as hav-
ing a particularly rich and unexploited biodiversity, which in-
cludes more than 20,000 plant species. Of these, 7,000 are com-
monly used in the practice of traditional medicine, with 800 of 
them recognized as medicinal plants in the Yucatan peninsula, 
However, despite the richness and variety of the peninsula's 
medicinal flora, less than 2% of the plant species classified as 
medicinal have been examined from a phytochemical or phar-
macological perspective (Meckes et aI., 1993), 
Recently, as part of a project directed toward evaluating the 
Yucatecan flora as a potential source of new anti-protozoan 
agents, a number of plants commonly used in Yucatecan tra-
ditional medicine for the treatment of parasitic diseases were 
examined for their leishmanicidal, trypanocidal, and anti-ma-
larial effectiveness, Crude methanol extracts of C. greggii and 
U. andrieuxii showed activity against promastigotes of L. don-
ovani, L. braziliensis, and L. amazon ens is (Chan-Bacab et aI., 
2003), and those of T. procumbens and D. contrajerva showed 
similar activity when tested against promastigotes of L. mexi-
cana (Peraza-Sanchez et aI., 2007). Here, we report on the eval-
uation of the leishmanicidal activity of a number of extracts, 
purified fractions, and secondary metabolites obtained from U. 
andrieuxii, C. greggii, D, contrajerva, and T. procumbens when 
tested against promastigotes of L. aethiopica, L. tropica, and L. 
major, and axenic amastigotes of L. aethiopica. 
MATERIALS AND METHODS 
Plant material 
Whole plants of T, procumbens were collected in Merida, Yucatan, 
Mexico, between February and July 2004; a voucher specimen was 
authenticated by F. May-Pat and deposited at the herbarium of "Unidad 
de Recursos Naturales-CICY" under the code number FMay-1955. 
Leaves of U. andrieuxii Muell.-Arg. were collected northeast of Cam-
peche, Mexico, at the 3.5-km mark on the road to China, Campeche, 
Mexico, in April 2006; a voucher specimen was deposited at the her-
barium of "Unidad de Recursos Naturales-CICY" under collection 
number P. Sima 2245. Roots of C. greggii S. Watson were collected in 
Abala, Yucatan, Mexico, in November 2000; a voucher specimen was 
deposited at the herbarium of "Unidad de Recursos Naturales-CICY" 
under collection number P. Sima 2503. 
Preparation of extracts and initial fractionation 
Tridax procumbens: Dry-ground whole plants were macerated 4 
times with methanol at room temperature. Evaporation of the solvent 
under reduced pressure yielded the crude methanolic extract TPZ-I. A 
portion of the extract was suspended in 75% aqueous methanol, and the 
resulting suspension was successively partitioned between hexane and 
dichloromethane to produce the corresponding low (TPZ-2A) and me-
dium-low (TPZ-2B) polarity fractions. 
Urechites andrieuxii: Dry-ground leaves were extracted through mac-
eration (4 times, 72 hr each) with ethanol at room temperature. Evap-
oration of the solvent under reduced pressure yielded the crude ethan-
olic extract DUA-l, a portion of which was suspended in a 3:2 (v/v) 
mixture of water-methanol. The resulting suspension was successively 
partitioned between hexane, ethyl acetate, and water-saturated butanol 
to produce the corresponding low (DUA-2A), medium (DUA-2B), and 
high (DUA-2C) polarity fractions. A precipitate rich in betulinic acid, 
identified by comparing its spectroscopic data with those reported in 
the literature (Mahato and Kundu, 1994), obtained while concentrating 
fraction DUA-2B, was labelled DUA-2B I. Similarly, a water-saturated 
butanol extraction of an aqueous layer, also obtained while concentrat-
ing fraction DUA-2B, yielded fraction DUA-2B2b. Successive, prelim-
inary, chromatographic purification of the low and medium polarity 
fractions yielded the pure metabolites, taraxasterol (DUA-5I) and DUA-
5F, respectively. Taraxasterol was identified by both thin-layer and gas 
co-chromatography with an authentic sample and by comparing its MS-
fragmentation pattern with that reported in the literature (Can-Ake et 
al.,2004). 
Colubrina greggii: Dry-ground roots were macerated 4 times (72 hr 
each) with ethanol at ro.om temperature. Evaporation of the solvent 
under reduced pressure yielded the crude ethanolic extract DCG-l. A 
portion of the crude extract was suspended in a 3:2 (v/v) mixture of 
water-methanol, and the resulting suspension was successively parti-
tioned between hexane, ethyl acetate, and water-saturated~buthanol, to 
produce the corresponding low (DCG-3A), medium (DCG-3B), and 
high (DCG-3C) polarity fractions. Successive preliminary chromato-
graphic purification of the medium polarity fraction yielded the pure 
metabolites NCG-2FI and NCG-5C. 
Leishmanicidal activity assay 
Samples (extracts, fractions, and pure metabolites) were dissolved in 
dimethyl sulfoxide (DMSO, Sigma-Aldrich, Gillingham, U.K.) and di-
luted with liquid medium to final concentrations ranging from 100 to 
1.5 ILg/ml, maintaining the final DMSO concentration at a maximum 
of 0.05% w/v. Parasites were distributed in 96-well plates (Nunc, 
Loughborough, U.K.) (I X 106 parasites/ml) in triplicate, and each ex-
periment was repeated 3 times. Plates were incubated for 24 hr at 22 
C or 26 C, depending on the species being tested. Inhibition of pro-
mastigote growth was determined by the MTS assay (Ganguly et aI., 
2006), after optimizing it for L. aethiopica, L. tropica, and L. major. 
The percentage of growth inhibition was determined by comparing the 
treated groups with untreated controls after 48 hr. Amphotericin B was 
used as a positive control. 
MTS assay 
A solution of MTS (Prom ega, Southampton, U.K.) was prepared (2 
mg/ml in phosphate-buffered saline; 0.02 M PBS, pH 7.2) and stored 
at -20 C. Phenazine methosulfate (PMS, Sigma-Aldrich) was similarly 
prepared (0.92 mg/ml in 0.02 M PBS, pH 7.2) and stored at -20 C. 
Both solutions were stored in the dark and combined just prior to use. 
For the evaluation, 20 ILl of an MTSIPMS (5:1) mixture was added to 
each well containing 200 ILl of treated andlor untreated Leishmania spp. 
cultures and seeded at an initial concentration of 10" cells/ml; the entire 
plate was incubated at 37 C for 3 hr. The absorbance was measured at 
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490 nm and the percentage of viability was calculated as described by 
Ganguly et al. (2006). 
Optimization of MTS assay 
Selection of medium and optimum wavelength: All 3 species of Leish-
mania spp. were cultured in both DMEM-FI2 medium and MI99 (Sig-
ma-Aldrich), supplemented with 10% FCS (Sigma-Aldrich). Following 
identification of DMEM-F 12 as the best candidate to support the growth 
of Leishmania spp., 107 parasites/ml were plated and incubated with 20 
ILl of MTS/PMS at 37 C. The absorbance spectrum of soluble formazan 
in DMEM-FI2 medium between 375 and 690 nm was acquired in a 
Multiskan spectrum (Thermo Electron Corporation, Vantaa, Finland). 
Selection of optimum incubation temperature/time and MTS/PMS ra-
tio: Since the assay is performed at 37 C and the temperature for op-
timum growth of L. aethiopica is 22 C, it was necessary to determine 
the optimum incubation temperature; in this case, it was found to be 37 
C. Various MTS/PMS ratios (40: 1, 20: I, 10: 1, 5: 1) and incubation times 
(1,2,3 hr) were evaluated; the 5:1 ratio and 3 hr incubation time were 
selected. 
Establishment of linearity: Promastigotes of L. aethiopica, L. tropica, 
and L. major, and amastigotes of L. aethiopica were seeded at concen-
trations ranging from 4.6 X 10" to l.8 X 104 cells/200 ILl in a 96-well 
plate, and absorbance was read at 495 nm following 3-hr incubation 
with a 5: I MTS/PMS ratio. 
Leishmania spp. parasites and cell lines 
Promastigotes: Promastigote inhibition studies were performed on L. 
aethiopica (MHOMlET1721L 100) and L. tropica (MHOM/SU/58/0D) 
grown at 22 C and L. major (MHOM/SU173/5ASKH) grown at 26 C 
in DMEM-FI2 medium, supplemented with 10% fetal calf serum and 
glutamine (Sigma-Aldrich). 
Axenic amastigotes: These stages were obtained from promastigote 
cultures of L. aethiopica (MHOM/ET172/L100). Cultures of promasti-
gotes in the log phase were washed in PBS and adjusted to a concen-
tration of 106 organisms/ml in 7 ml of fresh modified JH30 medium at 
pH 5 and incubated at 32 C. Complete transformation into amastigotes 
was achieved within 10 days of incubation. The parasites were then 
maintained in JH30 medium at an adjusted pH of 5 for 5 mo. Amas-
tigote inhibition studies were performed on parasites that had been axe-
nically reverted back to the promastigote stage 6 times. 
Human monocytes: THP-l cells were maintained in the same medium 
used for the parasites, at 37 C and 5% CO2 in a humidified incubator. 
Cells were subcultured every second day at a starting concentration of 
5 X 105 cells/ml. Cells in late log phase were incubated at a starting 
concentration of 106 cells/ml in 96-well plates. Samples were incorpo-
rated into triplicate cultures at a final DMSO concentration of 0.05%. 
After 24 hr of incubation at 37 C, growth was estimated by counting 
viable cells with a hematocytometer, after staining with trypan blue. 
Infected human monocytes: Infection was established after THP-l 
cells were transformed into nonadherent macrophages by 3 days treat-
ment with I ILM retinoic acid (Sigma). Transformed THP-I (from the 
European Collection of Cell Cultures [ECACC], Porton Down, U.K.) 
cells were infected with stationary phase promastigotes of L. aethiopica 
at a ratio of 10: 1 and maintained for 48 hr at 37 C and 5% CO2 in a 
humidified incubator. TPZ-2A and DCG-3A were then added at a con-
centration of 5 ILg/ml, and the treated cells were incubated for a further 
24 hr before analysis. The activity was determined from the percentage 
of infected cells in treated and untreated cultures in methanol-fixed and 
Giemsa-stained preparations. The total number of cells was estimated 
by counting the number of THP-I cells per field of view. Each data set 
came from the average of 3 experiments, each of which was done in 
triplicate. A minimum of 100 macrophages was counted for each slide. 
Statistical analysis 
The effects of the samples on cell viability were expressed as LDso, 
which is the concentration required to kill 50% of the given population. 
LDso values were calculated from graphic extrapolation of dose-re-
sponse curves and confirmed by probit analysis with logit transforma-
tion of dose response curve. The relative median potency was also 
estimated via this analysis, assuming a parallel relation between the 
samples' response curves. Since a goodness-of-fit chi-square test was 
significant, a heterogeneity factor was used in the calculations. 
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TABLE I. List of plant extracts, fractions, and pure metabolites from Yucatecan plants. 
Code 
DUA-l 
DUA-2A 
DUA-2B 
DUA-2Bl 
DUA-2B2 
DUA-2C 
DUA-5F 
DUA-51 
DCG-l 
DCG-3A 
DCG-3B 
DCG-3C 
NCG-2Fl 
NCG-5C 
TPZ-l 
TPZ-2A 
TPZ-2B 
DCRZ-I 
DCHZ-l 
Solubility 
EtOH, MeOH 
CH2Cl/MeOH 
CH2Cl/MeOH 
MeOHlCH2Ci2 
MeOH/CH2CI2 
MeOH/CH2Cl2 
CHCl/MeOH 
CHC1/MeOH 
EtOH, MeOH 
CH2CI/MeOH 
CH2Cl/MeOH 
MeOHlCH2Cl2 
MeOH 
CHC13 
MeOH 
Hexane 
CH2Cl2 
MeOH 
MeOH 
RESULTS 
Description 
Crude extract from leaves of U. andrieuxii 
Low polarity fraction, from partition of DUA-I witb hexane 
Medium polarity fraction, from partition of DUA-l witb ethylacetate 
Precipitate rich in betulinic acid 
High polarity fraction, from partition of aq. DUA-2B witb butanol 
High polarity fraction, from partition of DUA-l witb butanol 
Pure unknown metabolite from U. andrieuxii 
Taraxasterol from U. andrieuxii 
Crude extract from roots of C. greggii 
Low polarity fraction, from partition of DCG-l with hexane 
Medium polarity fraction, from partition of DCG-I with ethylacetate 
High polarity fraction, from partition of DCG-I with butanol 
Pure metabolite from C. greggii 
Pure metabolite from C. greggii 
Crude extract from T. procumbens, whole plant 
Low polarity fraction, from partition of TPZ-I with hexane 
Low polarity fraction, from partition of TPZ-l with dichloromethane 
Crude extract from roots of D. contrajerva 
Crude extract from leaves of D. contrajerva 
The various plant extracts, semi-purified fractions, and puri-
fied metabolites are listed and described in Table I. The leish-
manicidal activity of all samples was evaluated using the MTS 
assay (Ganguly et aI., 2006); since this assay had never before 
been used for L. aethiopica, it was optimized for this species 
following the procedure described above. All samples were ini-
tially tested for their l~sihmanicidal activity at 100 J.1g/ml, using 
Leishmania spp. promastigotes (Table II). Of the species tested, 
L. aethiopica proved to be the most sensitive to the various 
samples, showing percentage values of viable cells as low as 
1.75 after 24 hr of treatment, while L. major appeared to be the 
most resistant to the action of the plant extracts, except for 
DUA-l. The 3 most active samples were further investigated 
for their effect on both promastigotes and axenic amastigotes 
of L. aethiopica. In this case, the most active sample, as indi-
cated by the lowest LD50 value (7.2 J.1g/ml in promastigotes and 
27 J.1g/ml in amastigotes) and confirmed by the highest relative 
median potency (RMP) (29.24 X 10-4 in promastigotes and 
7.78 X 10-4 in amastigotes), was the low-polarity fraction from 
C. greggii DCG-3A (Table III). The second most active sample, 
also a low polarity fraction, TPZ-2A from T. procumbens, 
showed a very high LDso against L. aethiopica promastigotes, 
but not against its amastigotes. Both fractions were tested for 
their ability to decrease infection in cells treated with 5 J.1g/ml 
of each semi-purified fraction; the results showed that both frac-
tions significantly reduced (P < 0.05) the percentage of infected 
cells with respect to the percentage of untreated infected cells, 
going from 69.9% ± 2.5% in the latter to 20.8% ± 2% in 
infected cells treated with the DCG-3A fraction and to 14.9% 
± 0.5% in TPZ-2A-treated cells (Fig. lA). Neither treatment 
TABLE II. Effect of 24-hr treatment with the plant extraci~ at a concen-
tration of 100 fLg/ml on L. aethiopica, L. major, and L. tropica meta-
cyclic promastigotes. The extracts shown in bold were selected for fur-
ther analysis. 
L. tropica L. major L. aethiopica 
% Viable % Viable % Viable 
Code Cell ::': SD Cell ::': SD Cell ::': SD 
DUA-I 24.57 ::': 0.65 27.13 ::': 2.28 41.37 ::': 5.40 
DUA-2A 18.80 ::': 1.30 51.82 ::': 2.29 16.78 ::': 1.58 
DUA-2B 53.06 ::': 1.96 73.69 ::': 6.30 44.08 ::': 3.91 
DUA-2Bl 44.76 ::': 5.71 81.99 ::': 0.86 42.95 ::': 9.01 
DUA-2B2 49.72 ::': 9.95 56.88 ::': 11.74 46.50 ::': 19.74 
DUA-2C 44.93 ::': 0.25 92.71 ::': 2.29 44.81 ::': 13.97 
DUA-5F 23.19 ::': 0.98 63.56::': 3.44 14.00 ::': 1.99 
DUA-51 57.62 ::': 0.57 104.86 ::': 30.91 71.12 ::': 7.27 
DCG-I 46.83 ::': 11.26 126.92 ::': 11.74 40.40::': 6.89 
DCG-3A 14.03 ± 1.09 44.13 ± 1.72 7.36 ± 2.13 
DCG-3B 29.86 ::': 8.46 85.02 ::': 3.44 28.09 ::': 3.51 
DCG-3C 55.37 ::': 4.08 83.80 ::': 16.60 30.51 ::': 10.11 
NCG-2Fl 21.40 ::': 1.22 90.08 ::': 17.47 20.99 ::': 1.48 
NCG-5C 11.59 ± 1.39 85.02 ± 23.48 1.75 ± 1.14 
TPZ-I 43.02 ::': 1.30 78.14::': 0.00 21.06::': 3.29 
TPZ-2A 14.54 ± 0.49 25.30 ± 11.74 7.87 ± 3.19 
TPZ-2B 31.55 ::': 1.55 70.04 ::': 2.29 21.30 ::': 1.91 
DCRZ-I 28.95 ::': 1.80 74.70::': 4.29 33.49 ::': 7.32 
DCHZ-l 35.30 ::': 12.57 74.70::': 4.86 33.90 ::': 8.47 
TABLE III. LDso and RMP values extrapolated from probit analysis with 
logit transformation of dose-response data. The RMP was estimated by 
using amphotericin B as a reference compound. Plant extracts were 
tested at concentrations ranging from 100 to 1.5 fLg/ml. 
Plant extract LDso RMP 
TPZ-2A 18.5 11.43 X 10-4 
DCG-3A 7.2 29.24 X 10-4 
NCG-5C 62.4 3.38 X 10-4 
TPZ-2A in amastigotes 95.2 2.22 X 10-4 
DCG-3A in amastigotes 27.1 7.78 X 10-4 
NCG-5C in amastigotes 94.2 2.24 X 10-4 
Amphotericin B 0.02 I 
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FIGURE 1. The effect of DCG-3A and TPZ-2A (5 fLg/ml) on ter-
minally differentiated THP-l cells infected with L. aetftiopica is re-
ported. (A) The percentage of infected THP-l cells following 24 hr 
treatment with the plant extracts is compared with the percentage of 
infected untreated THP-l cells. (B) The effect of the same treatment on 
the number of total cells present in the slide. L. aethiopica and THP-l 
cells are present in all samples. 
significantly affected the number of total cells counted in each 
slide (Fig. IB), suggesting that both fractions represent an im-
portant source of candidates for leishmaniasis therapy. Present-
ly, the bioassay-guided purification of the extracts of both plants 
is in progress. 
DISCUSSION 
The present study showed that both the root extract of C. 
greggii and the whole plant extract from T. procumbens were 
the most active against promastigotes of L. aethiopica, L. tro-
pica, and L. major. Additionally, the results showed that for 
both plants, the metabolites responsible for the leishmanicidal 
activity are of low polarity, since fractionating of the corre-
sponding crude extracts concentrated the activity against pro-
mastigotes of the 3 Leishmania spp. and on axenic amastigotes 
of L. aethiopica in the hexane fractions. Both low-polarity frac-
tions were also able to significantly reduce the percentage of 
infection in a population of pre-infected THP-I cells, without 
significantly affecting the number of mammalian cells. On the 
basis of the results obtained, and although it is not possible to 
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establish the mechanism of action of either fraction at this stage, 
when considering the activity of the 2 semi-purified fractions 
against both promastigotes and amastigotes of L. aethiopica, it 
appears that the low-polarity fraction from T. procumbens 
(TPZ-2A) acts directly on the parasites by killing intracellular 
amastigotes. Finally, the results showed that both C. greggii and 
T. procumbens can be considered as important natural sources 
of therapeutically active agents against leishmaniasis. 
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2,3-DIPHENYL-1,4-NAPHTHOQUINONE: A POTENTIAL CHEMOTHERAPEUTIC AGENT 
AGAINST TRYPANOSOMA CRUZI 
Enrique I. Ramos, Kristine M. Garza, R. L. Krauth-Siegel', Julia 8adert, Luiz E. Martinez+, and Rosa A. Maldonado§ 
Department of Biological Sciences, The Border Biomedical Research Center, The University of Texas at EI Paso, 500 W. University Ave., 
EI Paso, Texas 79968. e-mail: ramaldonado@utep.edu 
ABSTRACT: Chagas disease, caused by Trypanosoma cruzi, is a widespread infection in Latin America. Currently, only 2 partially 
effective and highly toxic drugs, i.e., benznidazole and nifurtimox, are available for tlIe treatment of tlIis disease, and several 
efforts are underway in tlIe search for better chemotlIerapeutic agents. Here, we have determined tlIe trypanocidal activity of 2,3-
diphenyl-l,4-naphtlIoquinone (DPNQ), a novel quinone derivative. In vitro, DPNQ was highly cytotoxic at a low, micromolar 
concentration (LD50 = 2.5 j.LM) against epimastigote, cell-derived trypomastigote, and intracellular amastigote forms of T. cruzi, 
but not against mammalian cells (LD50 = 130 j.LM). In vivo studies on tlIe murine model of Chagas disease revealed tlIat DPNQ-
treated animals (3 doses of 10 mg/kglday) showed a significant delay in parasitemia peak and higher (up to 60%) survival rate 
70 days post-infection, when compared witlI tlIe control group (infected, untreated). We also observed a 2-fold decrease in 
parasitemia between tlIe control group (infected, untreated) and tlIe treated group (infected, treated). No apparent drug toxicity 
effects were noticed in tlIe control group (uninfected, treated). In addition, we determined that DPNQ is the first competitive 
inhibitor of T. cruzi lipoamide dehydrogenase (TcLipDH) tlIus far described. Our results indicate that DPNQ is a promising 
chemotherapeutic agent against T. cruzi. 
Chagas disease, or American trypanosomiasis, caused by the 
protozoan parasite T. cruzi, is one of the most deadly infectious 
diseases in Latin America (Dias et al., 2002). Recent reports 
suggest that Chagas disease is a potentially emergent public 
health concern in the United States due to the increased im-
migration from Latin American countries where the disease is 
endemic (Leiby et al., 1999, 2002; Andrade et al., 2004; Diaz, 
2007; Kirchhoff and Pearson, 2007; Young et aI., 2007). The 
only commercially available drug, benznidazole, is effective in 
treatment of the acute or early chronic phase of the infection 
(de Andrade et al., 1996; Andrade et aI., 2004), but shows a 
much decreased performance among infected individuals during 
the late chronic phase' of the disease and can cause severe ad-
verse effects (Urbina and Docampo, 2003). Recently, the emer-
gence of T. cruzi strains resistant to benznidazole has also been 
reported (Murta and Romanha, 1998). Moreover, 'thus far, no 
vaccine is available to prevent or treat Chagas disease (Mino-
prio, 2001; Martin and Tarleton, 2004; Garg and Bhatia, 2005). 
These facts clearly emphasize the urgent need for new thera-
peutic approaches against this parasite. 
Quinones and their derivatives possess anticancer, antibac-
terial, antimalarial, and antifungal activities (Kim et aI., 2004; 
Tasdemir et aI., 2006; Verma, 2006; Brondani et aI., 2007; Ui 
et al., 2007). Their biological activity is related to the accep-
tance of 1 and/or 2 electrons to form the corresponding radical 
anion or dianion species, as well as the acid-base properties of 
the compounds (O'Brien, 1991). Studies performed by Salmon-
Chemin et aI. (2001) showed. the antitrypanosomal activity of 
l,4-naphthoquinone (NQ) derivatives with alkylamine side 
chains at the C2- and C3-positions. The present study revealed 
that the most potent trypanocidal NQs acted as subversive sub-
strates for TcLipDH. We recently synthesized a novel quinone, 
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DPNQ, and tested it for trypanocidal activity and toxicity in 
mammalian cells. Here, we report on the antitrypanosomal ac-
tion of DPNQ against epimastigote, cell-derived trypomasti-
gote, and intracellular amastigote forms of T. cruzi in vitro and 
in vivo. 
MATERIALS AND METHODS 
Reagents and compounds 
DPNQ was synthesized according to the metlIod previously described 
(Montoya et al., 2005; Shanmugasundarama et ai., 2005). The com-
pound was dissolved in dimethyl sulfoxide (DMSO) and filtered sterile 
using a 0.22-j.Lm filter (Sigma-Aldrich, St. Louis, Missouri). DL-Dihy-
drolipoarnide was prepared by the reduction of DL-lipoarnide (BDH 
Chemicals, VWR International GmbH, Darmstadt, Germany) witlI so-
dium borohydride (Reed et al., 1958). The reactive oxygen species 
(ROS) reagent (5-(and-6)-carboxy-2' ,7'-dichlorofluorescein diacetate, 
carboxy-DCFDA), and the DNA dye (4', 6-diamidino-2-phenylindole 
dihydrochloride, DAPI) were purchased from Invitrogen (Carlsbad, Cal-
ifornia), and Vectashield was obtained from Vector Laboratories (Bur-
lingame, California). 
Parasite cultures 
Epimastigote forms of T. cruzi (Y strain) were grown in liver infu-
sion-tryptose (LIT) medium (Camargo, 1964). Mammalian cell-derived 
trypomastigote forms of T. cruzi (Y strain) were obtained from infected 
LLC-MK2 cells (American Type Culture Collection-ATCC, Manassas, 
Virginia) monolayers as described (Andrews and Colli, 1982). 
In vitro assay with epimastigote forms 
The assay was performed in a 96-well tissue culture microplate (Ax-
ygen, Union City, California) at drug concentrations of 33, 11,3.3, 1.1, 
and 0.36 j.LM. As negative controls, we used parasites incubated witlI 
LIT medium alone (control 1) or LIT medium plus 3% DMSO (control 
2). Epimastigotes (1 X 105 cells) in 100 j.LI of LIT medium were placed 
in each well and incubated at 28.C witlI the medium alone or witlI tlIe 
drug for 1, 3, or 5 days. After incubation, the number of living parasites 
in each sample was determined witlI a hematocytometer. Each experi-
ment was performed in triplicate and repeated 3 times. The results were 
expressed as percentage of survival of epimastigotes present in the sam-
ple. 
Free radical formation assays 
The assays were performed by setting up a 96-well tissue culture 
microplate, as described above, with 2 drug concentrations (33 and 11 
j.LM) and 2 controls: 1 positive control (800 j.LM H20 2 plus parasites) 
and 1 negative control (LIT medium plus parasites). After addition of 
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epimastigotes (l X 105 cells) in 100 I.d of LIT medium to each well, 
the microplate was incubated at 28 C for 24 hr. Then, 2 fLl of 60 nM 
ROS reagent was added to each sample and the microplate was placed 
into a Fluoroskan fluorescent microplate reader (LabSystems, Thermo, 
Rockford, Illinois) for 350 min at 28 C. The amount of fluorescence 
emitted was recorded in every sample at 5-min intervals, starting at 
time 5 min. 
In vitro infection experiments 
The in vitro effect of DPNQ on T. cruzi-infected host cells was 
studied using 2 approaches, first, by treating the infected cells, and 
second, by treating the trypomastigotes prior to infecting the cells. In 
both cases, all experiments were performed 3 times in triplicate. Briefly, 
sterile 12-mm covers lips (Thermo Fisher Scientific, Worcester, Massa-
chusetts) were placed into a 24-well plate. In each well, 5 X 104 LLC-
MK2 cells were cultured for 24 hr in Dulbecco's modified Eagle's me-
dium with 10% heat-inactivated fetal bovine serum, penicillin, and 
streptomycin, under 5% CO2 atmosphere, at 37 C. In our first experi-
ment, the monolayer of LLC-MK2 cells was exposed to trypomastigotes 
(I :20, host ceiUparasite ratio) for 2 hr at 37 C. The nonadherent para-
sites were removed by 5 consecutive washes with I ml phosphate-buff-
ered saline (PBS). The infected cells were treated with DPNQ concen-
trations of 100, 33, and 3.3 fLM for 24 hr at 37 C. In the second ap-
proach, the trypomastigotes were incubated with 100, 33, and 3.3 fLM 
DPNQ for 1 hr prior to host cell infection. After treatment, the parasites 
were washed twice with PBS and the cells were infected (1 :20, host 
cell/parasite ratio) for 2 hr at 37 C. Subsequent to infection, nonadherent 
parasites were removed by washing twice with PBS. In both experi-
mental approaches, the medium was removed and the cells were fixed 
with methanol for 30 min (300 fLl/well), followed by 2 washes with 
ice-cold PBS and 2-hr incubation at room temperature with PBS. The 
DAPI dye solution (1 mg/ml) was prepared at I: 1 ,000 dilution in PBS. 
Cells were stained with 300 fLl of DAPI solution for 5 min at room 
temperature. After incubation, cells were washed twice with PBS, and 
an additional 500 fLl of PBS was added while slides were prepared. The 
cover slips were mounted onto the slides using 10 fLl of Vectorshield 
mounting solution. In both procedures, host cell and parasite nuclei 
were stained with DAPIoand cells were analyzed by microscopy, using 
an LSM5 Pascal Zeiss confocal microscope (Carl Zeiss MicroImaging, 
Inc., Thornwood, New York). In each sample from either approach, a 
total of 100 infected and uninfected cells were analyzed., 
LipDH inhibition assay 
Recombinant TcLipDH was cloned and expressed as described (Scho-
neck et aI., 1997). Inhibition of recombinant TcLipDH by DPNQ was 
measured in 1 ml of 50 mM potassium phosphate, 1 mM EDTA, pH 
7.0, at 25 C. The reaction mixture contained 1 mM NAD, 65-520 fLM 
dihydrolipoamide (Boehringer Mannheim, Ingelheim, Germany), and 
20 or 40 fLM inhibitor. The reaction was initiated by the addition of the 
enzyme, and the absorption increase at 340 nm was followed. The in-
hibitor Ki and Ki. constants for mixed type inhibition were derived from 
the Lineweaver-Burk (double reciprocal) plot. Intercept on the vertical 
axis = (1 + I1Ki·)N; intercept on the baseline = (l + I1Ki·)lKm(1 + 
IlK,), where I = inhibitor concentration; Km = Michaelis-Menten con-
stant for dihydrolipoamide (135 fLM; here determined as 150 fLM); V 
= maximum activity obtained from the intersection (IN), with the 
y-axis for the reaction without inhibitor. 
Oxidase assay 
The oxidase activity of LipDH was followed in 1 ml of 50 mM 
potassium phosphate, 1 mM EDTA, pH 7.0, at 25 C containing 200 
fLM NADH and 300 mO TcLipDH (Lohrer and Krauth-Siegel, 1990) in 
the absence and presence of 40 fLM DPNQ. The absorbance decrease 
was followed at 340 nm. 
In vivo activity of DPNQ in the murine T. cruz; infection model 
Three groups of 5 C3H/HeN (Harlan Sprague Dawley, Inc., Indian-
apolis, Indiana) female mice weighing from 20 to 22 g were used. Two 
groups (infected, treated; and infected, untreated) were inoculated intra-
peritoneally (i.p.) with 104 trypomastigotes, and 1 group remained un-
infected (control for drug toxicity). Twenty-four hours post-infection, 
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FIGURE I. Growth curve of T. cruzi epimastigotes treated with 
DPNQ. The experiment was performed 3 times in triplicate. The values 
are the means of the number of epimastigotes per milliliter with the 
corresponding standard deviations. The estimated drug LDso was 2.5 
fLM. Control 1, untreated parasites incubated in LIT medium alone; 
Control 2, parasites in LIT medium plus 3% DMSO. 
treatment with DPNQ was initiated, given as 1 daily dose i.p. for 3 
consecutive days, and then 2 more doses, with an interval of 1 day 
between the doses. The treatment protocol was based on the limited 
amount of DPNQ available. The administrated dose was 10 mg DPNQI 
kg body weight. The parasitemia was measured by mouse tail bleeding, 
as described elsewhere (Brener, 1979). The use of animals in this re-
search complied with all relevant federal guidelines and institutional 
policies. 
Statistical analyses 
Statistical analyses were performed using the Statistical Analysis Sys-
tem software (SAS Version 9.1.3, SAS Institute Inc., Cary, North Car-
olina) and Prism software (GraphPad Software Inc., La Jolla, Califor-
nia). To test for the effects of dose for the in vitro infectivity experi-
ments, the I-way analysis of variance was performed. If the dose effect 
was significant, then Tukey's post hoc procedure was used to determine 
where the differences lay. For the other experiments, the general linear 
mixed model analysis was performed to test for the treatment effect, 
the time effect, and the treatment-by-time interaction. With significant 
results, Tukey's post hoc procedure was used to see were the differences 
rested. The t-test was performed to test for a linear dose effect and the 
LDso was estimated, using a dose-response curve, with the logit trans-
formation of the "percent infected cells" as the response and the 
loge dose + 1) as the predictor variable fitted in regression analysis, with 
repeated measures using the general linear mixed model analysis. All 
tests were performed at the 0.05 level of significance. 
RESULTS 
In vitro effect of DPNQ on T. cruz; epimastigotes 
First, we tested the effect of DPNQ on noninfective epimas-
tigote forms of T. cruzi. As shown in Figure 1, overall, there 
was a significant decrease in growth as a function of the incu-
bation time at all drug concentrations tested. Furthermore, we 
observed a significant treatment-by-day interaction (P < 
0.0001). For instance, parasites treated with 30 and 10 J.LM 
DPNQ for 24 hr showed a decrease in growth of 84% and 49%, 
respectively, as compared with the control group 1 (untreated, 
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FIGURE 2. Formation of free radicals by epimastigotes treated with 
DPNQ for 24 hr. High number of relative fluorescence units indicates 
high level of production of oxidative radicals. There was a significant 
treatment-by-time interaction, P < 0.0001. 
LIT medium). After 5 days of treatment, the decrease in growth 
varied from 81 % (30 f.LM) to 54% (0.36 f.LM). The addition of 
3% DMSO to the LIT medium in control group 2 had no effect 
on parasite growth when compared with control group 1. 
Studies with mammalian cells showed that DPNQ at higher 
concentrations inducl<s formation of free radicals and apoptosis 
(K. Garza et aL, unpubJ. obs.). Based on these data, we tested 
the formation of free radicals and genomic DNA fragmentation 
by epimastigote forms of T. cruzi following a 24,.hr treatment 
with 10 and 30 f.LM DPNQ. Our results showed a considerable 
production of oxidative radicals (Fig. 2), but no genomic DNA 
fragmentation (data not shown), indicating that the toxic effect 
of DPNQ on epimastigotes is not due to apoptosis, but rather 
is the result of the formation of free radicals. At the beginning 
of the measurements (time 5 min), parasites treated with 30 f.LM 
DPNQ had approximately 64% of free radicals produced by the 
positive control (parasites treated with 800 f.LM H20 2) (Fig. 2). 
A similar concentration of DPNQ did not induce detectable 
generation of free radicals by mammalian cells (K. Garza, un-
pubL obs.). 
In vitro effect of DPNQ on T. cruz; trypomastigotes 
In vitro infectivity experiments were carried out to determine 
the action of DPNQ on trypomastigotes, the infective forms for 
mammalian cells. These experiments showed a 41 % decrease 
in infected cells at the 33-f.LM concentration (Fig. 3A). Both 
experimental approaches (infection prior to treatment, and treat-
ment followed by infection) yielded a very similar percentage 
of infected cells and number of intracellular amastigotes per 
celL For both experimental approaches, the estimated LDso cal-
culated using t-test and linear regression analysis was 2.5 f.LM. 
Moreover, the Tukey post hoc analysis showed a significant 
difference between the treatments with 100, 33, 3.3, and 0 f.LM 
DPNQ (P = 0.05). 
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FIGURE 3. Effect of DPNQ on the in vitro infection of LLC-MK2 
cells by T. cruzi trypomastigotes. (A, B) Percentage of infected cells 
and number of intracellular amastigotes per infected cell, respectively. 
Black bars, infected host cells treated with DPNQ 24 hr post-infection 
(treatment 1); and white bars, parasites treated with DPNQ for I hr 
prior to host-cell infection (treatment 2). The estimated drug LDso was 
2.5 fLM. These experiments were performed 3 times in triplicate. The 
values are the means of the percentage of infected cells for (A) and the 
means of the number of amastigotes per infected cell for (B) with the 
corresponding standard deviations, as indicated above the bars. 
In vivo activity of DPNQ in the murine T. cruz; infection 
model 
The promising results of the in vitro infection experiment 
encouraged us to study DPNQ in the murine model of Chagas 
disease. The in vivo experiments consisted of 3 groups of 5 
C3H1HeN female mice. The groups were categorized as: (1) 
experimental group (infected, treated); (2) control group for in-
fection (infected, untreated); and (3) control for drug toxicity 
(uninfected, treated). The DPNQ-treated group showed a 24-hr 
delay in the appearance of the parasitemia with respect to the 
control untreated group. Also, during the experiment, the par-
asitemia was 2-fold lower in the group treated with DPNQ (Fig. 
4A). A significant difference was observed between the groups 
by comparing the average parasitemia across the days. As 
shown in Figure 4B, we observed no survivors in the control 
(infected, untreated) group 55 days post-infection. In the treated 
group, 60% survival was observed until day 70 post-infection, 
when the experiment was terminated. The control group for 
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FIGURE 4. Tn vivo activity of DPNQ in C3HIHeN mice infected with 
T. cruzi. (A, B) Parasitemia and survival curves, respectively. Control, 
uninfected, and treated with 10 mg/kg DPNQ (control of drug toxicity). 
Similar profiles were verified in 2 independent experiments~ The values 
depicted in (A) are the means of 5 determinations, with standard de-
viations as indicated. Statistical analysis using the general linear mixed 
model analysis with square root transformation showed that parasitemia 
in the treated group is significantly lower than that of the control group 
(P = 0.0237). 
DPNQ toxicity (uninfected, treated) did not show any pheno-
typic or behavioral changes, suggesting very low toxicity of 
this compound in the animals. 
Inhibition of TcLipDH by DPNQ 
Since NQs have been shown to act as subversive substrates 
of lipoamide dehydrogenase (LipDH) (Blumenstiel et aI., 
1999), we tested whether DPNQ would have the same effect 
on the TcLipDH. As shown in Figure 5, DPNQ is a competitive 
inhibitor of the parasite enzyme. Nevertheless, the lines in the 
Lineweaver-Burk plot did not intersect the y-axis exactly. Thus, 
assuming a mixed-type inhibition, a K;-value of 29 fLM and a 
Ki,-value of 455 fLM were calculated. From these data, we sug-
gest that DPNQ is a competitive inhibitor of TcLipDH, with 
additional very weak binding to the enzyme-substrate complex. 
The Ki-value of 29 fLM may appear to be rather high. However, 
considering that the Km value of the enzyme for dihydrolipoam-
ide is 130 fLM (I50 fLM in the current series of assays), this 
means that DPNQ is an efficient inhibitor of the enzyme. To 
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FIGURE 5. Lineweaver-Burk plot of the competitive inhibition of 
TcLipDH by DPNQ. Enzyme kinetics were measured at 25 C, at a 
constant concentration of 1 mM NAD. The dihydrolipoamide concen-
tration was varied in the absence (0) or presence of 20 /-LM (.A.), or 40 
/-LM (e) DPNQ. 
our knowledge, DPNQ is the first competitive inhibitor of any 
LipDH known. Usually, NQs act as subversive substrates (Blu-
menstiel et aI., 1999) but do not inhibit LipDH. Therefore, we 
also studied whether DPNQ is reduced by the enzyme. This 
does not appear to be the case. In a total volume of 1 ml, the 
assays contained 200 fLM NADH and 2 fLI TcLipDH (I50 
U/ml). In the absence of DPNQ, a delta Abs340 nm/min of 0.015 
was observed (LipDH catalyzed oxidation of NADH by molec-
ular oxygen). This oxidized activity of TcLipDH of 1.2 U/ml 
is about 1 % of the LipDH activity. Addition of 40 fLM DPNQ 
increased the delta Abslmin only slightly to 0.02. The delta 
Abs/min of 0.005 yields a volume activity of 0.4 U/ml for 
DPNQ reduction. Higher concentrations of DPNQ could not be 
used, because the compound precipitates in the buffered solu-
tion, and 5% DMSO in the buffer is the maximum of organic 
solvent that can be used without inhibition of the enzyme. 
DISCUSSION 
During the past 2 decades, no considerable progress has been 
achieved in the treatment of Chagas disease. Because of the 
toxic effects, variable efficacy, and length of treatment, che-
motherapy of Chagas disease remains unsatisfactory (Croft et 
aI., 2005; Castro et aI., 2006). Currently, specific inhibitors of 
ergosterol biosynthesis, cruzipain, and trypanothione reductase 
are under preclinical studies. Despite several efforts, so far, no 
human vaccine is available to prevent Chagas disease, indicat-
ing that chemotherapy is the only option (Croft et aI., 2005; 
Rakotomanga et aI., 2005). In this regard, the ideal chemother-
apeutic agent should target essential molecules or metabolic 
pathways of the parasite, with limited toxicity for the host. 
DPNQ seems to fulfill these requirements. In our study, the 
novel naphthoquinone DPNQ showed excellent results in vitro 
and very promising outcome in the in vivo studies. Our results 
clearly demonstrated that DPNQ has selective toxicity, since 
the LDso (2.5 fLM) for epimastigotes and the in vitro infection 
experiments are 2 orders of magnitude lower than the LD50 (130 
fLM) for mammalian cells (K. Garza unpubI. obs.). In addition, 
the in vivo toxicity studies demonstrated no severe side effects 
for the animals. 
It has been shown earlier that trypanosomes are more sen-
sitive to oxidative stress than are their mammalian hosts (Do-
campo and Moreno, 1984). During evolution, these parasites 
developed a specific thiol redox metabolism based on the try-
panothione system. In addition, they possess LipDH, an enzyme 
that is structurally and mechanistically closely related to try-
panothione reductase (TR). In vitro studies with several NQs 
revealed that the compounds act as subversive substrates of T. 
cruzi TR and LipDH (Salmon-Chemin et aJ., 2001). As shown 
here, DPNQ is a competitive inhibitor of TcLipDH, but the 
concentration that is lethal for the parasites is an order of mag-
nitude lower than the ~ for TcLipDH. Also, DPNQ showed 
only marginal inhibition on T. cruzi TR (data not shown). Thus, 
the high trypanocidal activity of DPNQ may be due to an en-
richment of this drug in the parasite or because it has additional 
cellular target(s). NQs can affect a wide variety of cellular func-
tions (Wu et aI., 2005). For instance, the 2-hydroxynaphtho-
quinone atovaquone exerts its antimalarial effect by inhibiting 
the electron transport chain of Plasmodium Jalciparum (Kessl 
et al., 2004; Mather et aI., 2005). 
In summary, based on the promising results obtained here, 
new studies are underway aiming at the synthesis of new DPNQ 
derivatives that could be more specific and effective for the 
treatment of Chagas disease. 
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Isolation of Toxoplasma gondii From the Keel-Billed Toucan (Ramphastos sulfuratus) 
From Costa Rica 
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ABSTRACT: Pectoral muscles from a captive keel-billed toucan (Ram-
phastos sulfuratus) from Costa Rica were fed to a Toxoplasma gondii-
free cat, and the cat shed oocysts. Laboratory mice fed these oocysts 
developed antibodies to T. gondii in their sera and T. gondii tissue cysts 
in their brains. The DNA extracted from the brains of infected mice 
was characterized using 10 polymerase chain reaction-restricted frag-
ment length polymorphic markers (SAGl, SAG2, SAG3, BTUB, 
GRA6, c22-8, c29-2, L358, PKl, and Apico). The isolate designated 
TgRsCrl was found to be non-clonal with Type I, II, and III alleles at 
different loci. This is the first isolation of T. gondii from this host. 
Toxoplasma gondii infections are common in many species of warm-
blooded animals, including humans and birds worldwide (Dubey and 
Beattie, 1988; Tenter et al., 2000). Historically T. gondii-like organisms 
were first found in birds, before its discovery in 1908 in mammals, but 
these were probably hemoprotozoans (reviewed in Dubey, 2002, 2007). 
In the present report we isolated a T. gondii strain from a keel-billed 
toucan (Ramphastos sulfuratus) from Costa Rica for the first time. 
A keel-billed toucan from the Costa Rican National Zoo died on 10 
July 2007. A necropsy was performed on the day of death. Unfixed 
muscles tissues were sent by air to the Animal Parasitic Diseases Lab-
oratory (APDL), United States Department of Agriculture, Beltsville, 
Maryland, for characterization of a species of Sarcocystis (Dubey et aI., 
2008). 
Unfixed muscles heavily infected with sarcocysts were fed to a 3-mo-
old laboratory-raised cat (Dubey, 1995). Feces of the cat were examined 
microscopically by fecal flotation daily for coccidian 009'ystS. The cat 
shed T. gondii-like oocysts 4 days later. After sporulation in 2% sulfuric 
acid at room temperature for 1 wk, sporulated oocysts were washed in 
water by centrifugation and fed to 2 Swiss Webster (SW) mice (Dubey 
et aI., 2002). The mice fed oocysts became comatose 4 days later and 
were killed. Protozoan tachyzoites were found in smears of their mes-
enteric lymph nodes, and tachyzoites were cryopreserved in liquid ni-
trogen and inoculated into new SW mice. The inoculated mice remained 
asymptomatic. Antibodies to T. gondii were detected in a 1 :25 dilution 
of sera of the mice 3 mo post-inoculation (PI) by the modified agglu-
tination test (MAT) (Dubey and Desmonts, 1987), and tissue cysts were 
found in the brains of both mice killed 129 days PI. The isolate was 
designated TgRsCrl. Serial 1O-fold dilutions of oocysts were fed to 
groups of 4 mice, which were then observed for 2 mo PI. Mice fed 
1,000, 10,000, or 100,000 died of acute toxoplasmosis between 8 and 
11 days PI, and tachyzoites were found in their mesenteric lymph nodes. 
Mice fed fewer oocysts became infected, and tissue cysts were found 
in their brains 2 mo PI. 
Toxoplasma gondii DNA was extracted from tissues of positive mice 
using DNeasy kit (Qiagen, Valencia, California) and genotyped using 
the genetic markers SAGl, SAG2, SAG3, BTUB, GRA6, c22-8, c29-
2, L358, PKl, and Apico (Dubey, Paticucci et al., 2006; Su et aI., 2006). 
The TgRsCrl had a Type I allele with 5 markers, Type III with 3 
markers, Type II with new SAG2, and unusual alleles at 2 markers 
(Table I). The genotype of TgRsCrl is different from 32 chicken isolates 
from Costa Rica reported previously (Dubey, Su et aI., 2006) but is 
identical to 2 of 44 Nicaragua chicken isolates (TgCkNil2 and Tg-
CkNi32) at all 10 loci (Dubey, Sundar et aI., 2006; data not shown). 
This result indicates that TgRsCrl may be present in other countries in 
Central America. 
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ABSTRACT: The irregular presence and low abundance of wild triatom-
ines inside domiciles make their detection more difficult than that of 
domiciled species, so that vector surveillance and evaluation of Chagas 
disease transmission risk are more challenging. We compared timed 
manual searches, considered as the gold standard, with community-
based collections, for their efficacy at monitoring domestic and peri-
domestic infestation by non-domiciliated Triatoma dimidiata, and com-
munity-based collection was the most sensitive and cost effective. Scal-
ing up community participation permitted investigation of fine temporal 
variations in infestation by T. dimidiata in over 700 houses. We con-
firmed a large seasonal infestation during March-July, but weekly and 
daily collections showed a rather stochastic pattern of bug presence in 
the houses, even during this period. These data are of key importance 
for the successful implementation of vector control, and community 
participation is a method of choice for sustained monitoring of infes-
tation by non-domesticated triatomines. 
Chagas disease is caused by the protozoan parasite Trypanosoma cru-
zi and is transmitted to humans by triatomine bugs. Prevention and 
control of the disease remains based primarily on triatomine vector sur-
veillance and control (WHO, 2002). Domestic vector species such as 
Triatoma infestans, which establish large and permanent colonies inside 
houses (from several hundred individuals to several thousand), have 
been extensively studied because of their major role in disease trans-
mission. Timed manual search for domesticated triatomines by trained 
entomologists, also referred to as the personlhour capture method (Gur-
tler et aI., 1993, 1999), has been considered the gold standard method 
for detection and monitdting of house infestation. However, this pro-
cedure is labor intensive and time consuming and thus not very sus-
tainable for routine vector surveillance activities. 
On the other hand, non-domesticated triatomines are e.lllerging as a 
new challenge for Chagas disease vector control (WHO-TDR, 2005). 
These triatomine species are not able to establish large domestic colo-
nies and remain mostly limited to sylvatic and peri-domestic areas. 
Nonetheless, adult triatomines are able to infest houses on a more or 
less transient basis and, thus, can transmit T. cruzi to humans. These 
species include Rhodnius prolixus in Venezuela (Sanchez-Martin et aI., 
2006); Triatoma mexicana in Guanajuato, Mexico (Salazar Schettino et 
al., 2007); and Triatoma dimidiata in the Yucatan peninsula, Mexico 
(Dumonteil et aI., 2002) and Belize (Polonio et al., 2009). The low 
density and irregular presence of triatomines inside houses make their 
detection by timed manual collection much more difficult, and ento-
mological surveys are thus more problematic. 
Alternative methods available for triatomine monitoring include sen-
sor boxes (Chuit et al., 1992), but these only provide indirect infor-
mation on bug abundance and none on population stage structure. We 
also previously found that they were unable to detect the presence of 
non-domestic T. dimidiata in houses from the Yucatan (Dumonteil et 
aI., 2002). Light- (Vazquez-Prokopec et al., 2006) and mouse-baited 
traps (Noireau et aI., 2002) have also been successfully used, mostly 
for the capture of sylvatic and peri-domestic triatomines, but their use-
fulness for indoor domestic collections is questionable. Finally, house-
hold or community participation has been used for entomological sur-
veillance of domesticated triatomines (Gurtler et aI., 1999; Angulo Sil-
va, 2005) and found to be more sensitive than manual searches. All 
these methods involve very different collection efforts that are difficult 
to evaluate and compare but that can affect their ability to detect infes-
tation. The aims of the present study were thus to compare the sensi-
tivity of timed manual searches with collections by community partic-
ipation for the detection of non-domesticated T. dimidiata and further 
examine the fine temporal variations in triatomine population dynamics 
inside the houses. 
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The study was carried out in the state of Yucatan, Mexico, where we 
previously showed that house infestation by mostly adult triatomines 
occurred on a seasonal basis, during the trimester of April-June, with 
very little year-round colonization (occurrence of a complete life cycle 
as evidenced by the presence of eggs, larval stages, or exuvia), and low 
bug abundance (Dumonteil et aI., 2002). For manual collections, the 
domiciles and peri-domiciles were searched for 30 or 60 min, respec-
tively, by teams of 2 trained researchers during the daytime (Gurtler et 
al., 1999), without using insecticide to dislodge the bugs. Searches were 
performed on 14 different days during the month of April-June 2003 
in 33 houses from the villages of Dzidzilche and Tetiz. Bug collections 
by community participation were performed in the same 33 houses as 
described before (Dumonteil et aI., 2002). Households were visited in-
dividually on 1-3 April 2003, to provide them with information on 
Chagas disease and triatomines, including photographs and the display 
of dried specimens of the vector, to ensure that they would recognize 
the vector. They were then instructed to collect any triatomine observed 
inside (domestic) or outside (peri-domestic) their houses and place them 
into separate labeled plastic vials. They were visited again on 28 June 
2003 (3 mo later) to gather the bugs captured since the initial visit. 
From the 33 studied houses, we were able to collect 31 bugs inside 
the domiciles by manual collection, while 116 bugs were collected by 
community participation. In the peri-domiciles, manual collection re-
sulted in 11 bugs, while 81 were collected by community participation. 
Thus, community participation resulted in 4- to 8-fold larger bug col-
lections compared with manual collection. Entomologic indexes also 
showed important differences depending on the collection method (Ta-
ble I). Significantly more houses (+24%) and peri-domiciles (+27%) 
were found to be infested by community participation compared with 
manual searches, and infestation indexes were 2- to 3-fold higher with 
community collections (McNemar X2 test, P = 0.04 and P = 0.01 for 
domestic and peri-domestic collections, respectively). Similarly, density 
indexes obtained were 3- to 8-fold higher by community participation 
compared with manual searches (P < 0.001 for both domestic and peri-
domestic collections). For the detection of colonization, both collection 
methods were equally effective. Taken together, these data clearly in-
dicate that house infestation by non-domesticated triatomines was se-
verely underestimated by manual collections. This is in agreement with 
previous studies of different domiciliated triatomine species (Gurtler et 
al., 1999; Angulo Silva, 2005; Feliciangeli et al., 2007). This difference 
between both methods is likely due to the collection effort, which is 
concentrated during a very limited time for manual searches. Also, since 
households reported seeing the triatomines entering their homes at 
nightfall, performing the manual searches at that time of the day may 
increase the odds of detecting bugs. In the case of community partici-
pation, although the effort can be very variable, depending on house-
hold motivation/interest, this may be largely compensated by the pro-
longed duration of householder surveillance, thus providing reliable es-
timates of infestation. 
Cost-effectiveness analysis further showed that community partici-
pation was much more advantageous compared with manual collections. 
Indeed, manual searches for 33 houses required 2 wk of field work by 
a team of 2 persons, giving a cost of about $10 US/bug collected, and 
about $70 US for the detection of an infested house (based on Mexican 
minimum wage). On the other hand, community collections only re-
quired 4 days of field work, so that cost was around $0.60 US/bug 
collected and less than $10 US for the detection of an infested house. 
The very good cost effectiveness of community collections thus makes 
it an excellent choice for the detection and monitoring of infestation by 
non-domesticated triatomines. Nonetheless, manual collections may re-
main more appropriate for comparisons between sites, since they can 
be more easily standardized. 
We then scaled up our initial protocol for a broader implementation 
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TABLE I. Comparison of manual and community bug collections in domestic and peri-domestic areas. 
Domestic Peri-domestic 
Manual Community Manual Community 
Infestation index (%) 
Colonization index (%) 
Density index 
6/33 (18) 
0/6 (0) 
31/33 (0.9) 
14/33 (42)* 
2/14 (14) 
116/33 (3.5):1: 
4/33 (12) 
2/4 (50) 
11/33 (0.3) 
13/33 (39)t 
1/13 (8) 
81/33 (2.5):1: 
* McNemar X2 test, P = 0.04. 
t P = 0.01. 
:j: P < 0.001 for significant differences between indexes obtained by different collection methods. 
and monitored a total of 744 houses on a continuous basis for over a 
year. Public workshops were organized in 4 villages (Bokoba, Sanhacat, 
Sudzal, and Teya) during July 2006 to provide information on Chagas 
disease and the vector. Households were then instructed to collect tria-
tomines found inside their house in plastic vialslbags as above and to 
deposit the vials labeled with their name, address, and date of capture 
at the local Health Center of their village. Bugs were gathered from the 
local Health Centers during regular visits to the villages, every 2-3 wk, 
from August 2006 to September 2007. 
A total of 359 T. dimidiata was collected during that time period. As 
previously reported (Dumonteil et al., 2002), most bugs and house in-
festation were observed during the trimester of April-June, during 
which over 200 bugs were collected (57%), and more limited collections 
were made during the rest of the year (Fig. lA). However, our collection 
method allowed us to investigate house infestation on a much' finer time 
scale for the first time. Weekly (Fig. IB) and daily (Fig. lC) bug col-
lections confirmed that there was a limited and sporadic bug presence 
spread out during most of the year, in agreement with the non-domes-
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tication of T. dimidiata in the region. These collections also confirmed 
the sensitivity of the method to detect triatomines even at very low 
abundance. In addition, the number of domestic triatomines very quick-
ly and dramatically started to increase during the second week of March, 
to reach a maximum during the first week of May, and decreased there-
after (Fig. IB). While bug collections during the months of March-July 
seemed to follow a general bell-shape pattern, indicative of a possible 
correlation with seasonal climate factors, they also appeared to be high-
ly variable on a weekly or daily basis (Figs. IB, lC), suggesting a rather 
stochastic pattern on this finer time scale. Again, this may explain why 
manual collections, which are performed in a very small time window, 
are less effective. Indeed, there were no bug collections by the com-
munity for about half of the days during this 6-mo period of maximum 
infestation. 
In conclusion, our study demonstrates the higher sensitivity and better 
cost effectiveness of community participation over timed manual col-
lections for the accurate and sustained detection of infestation by non-
domesticated triatomines. Community collection also allowed us to 
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FIGURE 1. Temporal variations in total domestic Triatoma dimidiata collection by households. Total number of T. dimidiata collected by 744 
households is shown (A) by trimester, (B) by week, and (C) by day. 
gather quantitative data on the daily infestation of over 700 houses 
during a large period of time, leading to the precise description of house 
infestation dynamics during a year. This information will be of key 
importance for the implementation of vector control interventions at the 
same time as infestation occurs. Community collections are thus a meth-
od of choice for non-domesticated triatomine surveys as well as vector 
surveillance strategies in a context of limited resources for health pro-
grams. In addition, as emphasized before, such community participation 
also contributes to increased public awareness about Chagas disease, as 
well as empowerment of the communities, allowing for increased sus-
tainability of programs (Bryan et a!., 1994; Espino et a!., 2004; Gurtler 
et a!., 2007). It has thus fundamental additional benefits that go well 
beyond bug collection. 
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ABSTRACT: As shown previously, the nested PCR method of detection 
of avian blood parasites, commonly referred to as Waldenstrom's meth-
od, sometimes amplifies only I parasite species of the several that may 
be present in the same bird, and not always the one with the highest 
parasitemia. This result raises questions regarding the use of the mo-
lecular method for the identification of bird parasites. Additionally, it 
is unclear whether the amplified parasite, among the several present in 
the same host, reflects the intensity of infection. However, I performed 
statistical analyses on a dataset in which there were multiply infected 
birds and showed that the parasites with the highest parasitemia are the 
most likely to be amplified. Such a positive correlation between the 
likelihood of amplification and the parasitemias of the different blood 
parasites supports the use of Waldenstrom's method for the comparison 
of the parasite content of groups of birds exposed to the same parasites. 
Hemosporidian parasites of birds can be identified by a nested PCR 
method described by Waldenstrom et a!. (2004) and broadly used by 
avian parasitologists (Westerdahl et a!., 2005; Bonneaud et a!., 2006; 
Krizanauskiene et a!., 2006; Bensch et a!., 2007; Ortego et a!., 2007; 
Loiseau et a!., 2008). However, Valkiunas et a!. (2006) compared results 
of avian hemosporidian identifications by microscopic examination of 
stained blood films with the molecular method. In their study, the PCR 
failed to identify as co-infected 36 birds of 83 examined. This happened, 
for instance, in simultaneous infection of spotted flycatchers, Muscicapa 
striata, by the parasites Haemoproteus sp., Haemoproteus pallidus, and 
Haemoproteus balmorali. In 4 birds of the 5 cases reported by Valk-
iunas et a!. (2006), Haemoproteus sp. was the only parasite amplified 
by the PCR method. Microscopic examination is thus necessary to de-
tect the different parasite species infecting individual birds. Further-
more, Valkiunas et al. (2006) found that in 9 of the co-infection cases, 
the parasite detected by PCR was not the one that produced the highest 
parasitemia. Although it did not have the greatest parasitemia, Hae-
moproteus sp. was amplified in 3 of the 4 spotted flycatchers that were 
infected by Haemoproteus sp., H. pallidus, and H. balmorali. 
These results question the use of Waldenstrom's method for identi-
fying the several parasites that can simultaneously infect the same birds 
and, thus, for measuring their resistance to these parasites (here defined 
as the ability of the hosts to stop or limit infection). However, a positive 
association between the parasitemia of the co-infecting parasites and the 
likelihood of detection by PCR would show that, in most cases, the 
method reveals the parasite that causes the strongest infection. This 
would consequently support the use of nested PCRs in empirical studies 
of hemosporidian infections, even though the method provides a some-
what noisy estimate of the most common parasites of a group of birds. 
Although in the co-infection cases reported by Valkiunas et a!. (2006) 
the majority of amplified hemosporidian parasites were those with great-
er intensity of parasitemia, the authors did not carry out statistical anal-
yses on their data. It thus remains unknown whether the parasite with 
the highest parasitemia was amplified more often than would have been 
expected by chance, i.e., whether or not the selection of the amplified 
parasite is a random process. To answer that question, I performed 2 
statistical analyses on the data reported by Valkiunas et a!. (2006) and 
found a significant positive association between parasitemia and like-
lihood of PCR detection. 
To analyze the data, I first created a nominal variable that described 
for each co-infected bird whether or not the amplified parasite was also 
the one with the highest parasitemia. I had to exclude the birds where 
the 2 parasites that infected the greatest number of red blood cells were 
in equal numbers (7 cases from 36 co-infections) because I could not 
predict which parasite should have been detected. I then performed a 
I-tailed binomial test to determine whether more than 50% of the am-
plified parasites were dominant. Note that since 14 hosts were infected 
by more than 2 parasites, the random amplification of I of them would 
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happen on average less than 50% of the time, e.g., 33.3% of the time 
when there are 3 parasites. Comparing the frequency of amplification 
to 50% is more stringent than to any lower value and is thus conser-
vative. I found that the amplified parasite had the highest parasitemia 
in more than half of the cases; indeed, it happened 20 times out of 29 
(P = 0.0307). 
I also tested whether there was a quantitative relationship between 
the intensity of the parasitemia of the different parasites and the like-
lihood of PCR detection. I created the variable log (parasitemia of the 
amplified parasite/parasitemia of the non-amplified parasite that had the 
greatest parasitemia). This variable was positive when the parasite with 
the highest parasitemia had been amplified, equal to zero when 2 par-
asites had the same parasitemia and that 1 of them was amplified, neg-
ative when the parasite amplified was not the one with the highest 
parasitemia (Fig. 1). I then tested whether the mean of this (normally 
distributed) variable was greater than O. The mean of the variable was 
0.96 (SE 0.54), and a t-test significantly rejected the null hypothesis (t 
= 1.79, P = 0.041). 
I thus show for data from wild birds that Waldenstrom's nested PCR 
method preferentially amplified the hemosporidian parasite with the 
highest parasitemia when co-infection occurred. These results are in 
agreement with the experimental study by Perez-Tris and Bensch (2005) 
in which they mixed Plasmodium sp. and Haemoproteus sp., parasites 
to various concentrations and found a positive relationship between con-
centration and the result of a PCR. I conclude that when co-infection 
occurs, the selection of the parasite amplified by Waldenstrom's method 
is not a random process but relates to intensity of infection. It is, how-
ever, important to underline that the nested PCR method may exhibit 
marked selective amplification of some parasites, which could be due 
to the selectivity of the primers. For instance, such selective amplifi-
cation might have happened in the cases of infection by Haemoproteus 
sp., H. pallidus, and H. balmorali reported by Valkiunas et a!. (2006). 
Indeed, the former parasite was amplified in 3 of the 4 cases where it 
did not have the greatest parasitemia. Consequently, Waldenstrom's 
method should only be used to compare the parasite that produces the 
heaviest infection among groups of birds exposed to the same parasites 
and, thus, when the artifacts due to PCR amplification biases are likely 
to be similar among these groups. Furthermore, since parasitemia varies 
over time (Zehtindjiev et a!., 2008), it may be necessary to study a large 
number of birds within each group to identify accurately their most 
important parasites. 
Although many investigations report only the variation in prevalence 
and distribution of avian malaria infection, numerous studies deal with 
the association between individual genotype or experimental treatments 
and resistance to blood parasites (Bonneaud et aI., 2006; Loiseau et aI., 
2008). In particular, when comparing groups of birds exposed to similar 
conditions, the Walden strom method would identify in each of them the 
parasite species that infects the greatest number of red blood cells, hence 
the one for which development is least inhibited by the host. It is im-
portant to note that, although this method does not accurately recognize 
qualitative resistance, i.e., whether or not a host is infected by I, or 2, 
particular parasites, it does correlate with quantitative resistance to dif-
ferent parasites. In other words, it is related to the intensity of parasitic 
infections. Indeed, one could hypothesize that, on average, the amplified 
parasite is the one for which the bird host has the least quantitative 
resistance. Such a difference between qualitative and quantitative resis-
tance has important implications for the epidemiology and evolution 
(Gandon and Michalakis, 2000) of avian malaria. 
I thank Staffan Bensch, Aurelie Coulon, Antoinette 'Tania' Jenkins, 
Mari Kimura, Claire Loiseau, Gabriele Sorci, Franc;:ois Urvoy, 2 anon-
ymous referees, and Gerald W. Esch for critical comments on the man-
uscript. 
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FIGURE 1. Log-transformed ratio of the percentage of blood cells 
infected by the amplified parasite to the percentage of blood cells in-
fected by the non-amplified parasite that had the greatest parasitemia. 
Positive values indicate the amplification of the parasite that infected 
the greatest number of red blood cells; null values that 2 parasites had 
the same parasitemia and that 1 of them was amplified; negative values 
show that the parasite amplified did not have the greatest parasitemia. 
Data for naturally co-infected wild birds from Valkiilnas et al. (2006). 
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ABSTRACT: Besnoitia besnoiti was isolated from a skin biopsy of a 
chronically infected cow from central Spain, Zoites released from mac-
roscopic cysts were adapted to its culture in vitro on a MARC-145 cell 
monolayer, Tachyzoites produced in vitro were either cryopreserved or 
used for genomic DNA isolation, A 2206 nt sequence containing 18S 
ribosomal RNA gene, internal transcribed spacer I (ITS 1), and a partial 
sequence of 5,8S ribosomal RNA gene was amplified by PCR and se-
quenced, This sequence showed a 99-100% identity to 18S, ITS I, and 
5.8S sequences of B. besnoiti published in databases. After analysis by 
transmission and scanning electron microscopy of isolated bradyzoites 
and tachyzoites, it was observed that their ultrastructural morphology 
coincided with B. besnoiti. The isolate characterized in this study was 
identified as B. besnoiti on the basis of the disease produced, molecular 
characteristics, and morphology. The B. besnoiti isolate was denoted as 
BbSpain-l; it is the first isolate obtained and characterized in Spain and 
one of the first European isolates adapted to grow in vitro. The isolation 
and in vitro production of this B. besnoiti isolate offers a good oppor-
tunity to study general aspects of bovine besnoitiosis, including epide-
miology, pathogenesis, and diagnosis of this re-emergent disease. 
Besnoitia besnoiti, a cyst-forming apicomplexan parasite, is the eti-
ological agent of bovine besnoitiosis. Usually the disease is severe, but 
non-fatal, with a significant economic impact in several regions of Af-
rica, Asia, and Europe (Bigalke, 1968; Juste et al., 1990; Agosti et al., 
1994; Cortes et al., 2003). In Europe bovine besnoitiosis was first de-
scribed in 1912, with cases occurring also in 1915. However, nothing 
else was published until 1990 and then again from 2003 onwards, in-
dicating the re-emergence of the disease in this region (Cortes et al., 
2006). Characteristics of the disease in the chronic stage include skin 
lesions (scleroderma), hyperkeratosis, and alopecia. In bulls, B. besnoiti 
causes orchitis and infertility (Bigalke, 1968), producing large economic 
losses. However, in most cases this disease has no apparent clinical 
signs. To date, only a few isolates have been characterizect and adapted 
to in vitro culture (Shkap et al., 1987; Cortes et al., 2006); some of 
these have been used in vaccine development (Bigalke et al., 1974). 
Ten sequences have been published on public databases so far (http:// 
www.ncbi.nlm.nih.gov/sites/entrez; Ellis et al., 2000; Cortes et al., 
2006). Here we report the isolation and molecular and morphological 
characterization of B. besnoiti from a chronically infected cow, showing 
characteristic clinical signs of bovine besnoitiosis. 
A skin biopsy from the vulvar region containing numerous macro-
scopic tissue cysts from a 20-yr-old cow from central Spain was ob-
tained and submitted on ice to the SALUVET laboratory (Madrid, 
Spain). The cow was a Brown Swiss breed and originated in a herd 
having a 90.5% B. besnoiti seroprevalence (data not shown). The cow 
exhibited typical cutaneous clinical signs of besnoitiosis, including 
scleroderma and the presence of tiny cysts in the scleral conjunctiva. A 
skin sample was excised and cut in small pieces, washed several times 
in PBS containing penicillin (500 U/ml), streptomycin (500 fLg/ml), and 
fungizone (0.125 fLg/ml); bradyzoites were released by teasing several 
tissue cysts with a scalpel in a Petri dish containing PBS with penicillin 
(200 U/ml), streptomycin (200 fLg/ml), and fungizone (0.05 fLg/ml). 
Zoites were separated from tissue debris by passage through a 40-fLm 
sieve, then collected by centrifugation at 1,350 g for 15 min at 4 C. 
The resulting pellet was suspended in Dulbecco's modified Eagle me-
dium (DMEM) supplemented with 5% fetal bovine serum (FBS), 15 
mM HEPES (pH 7.2), 2 mM glutamine, penicillin (100 U/ml) , strep-
tomycin (100 fLg/ml), and fungizone (0.025 fLg/ml) and inoculated onto 
a monolayer of the epithelial-like MARC-145 cells (foetal green mon-
key kidney). After 36 hr post-inoculation (PI), cultures were observed 
by phase contrast microcopy and several parasitophorous vacuoles (PV), 
containing from 2 to 16 zoites, were seen inside infected cells. Viable 
extracellular tachyzoites were seen in cell culture 60 hr PI. Infected 
cultures were passaged every 4 days, and the parasites were cryopre-
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served in FBS-IO% DMSO at fifth passage (3 X 107 zoites/mI). Tachy-
zoites were maintained by serial passage on MARC-145 cell mono lay-
ers at a 1:5 host:parasite ratio. 
To confirm that the isolate obtained was a species of Besnoitia, the 
ultrastructural morphology of bradyzoites and tachyzoites produced in 
vitro were inspected by transmission electron microscopy (TEM) and 
scanning electron microscopy (SEM). A small piece of skin biopsy 
containing tissue cysts and a monolayer of MARC-145 cells infected 
with tachyzoites at day 4 PI were examined. Specimens were fixed and 
treated as previously described (Glouert, 1974). Samples were observed 
using a JEOL JM-6400 scanning electron microscope operating at 20 
kY. 
A typical crescent-shaped morphology of the cultured parasites was 
observed by TEM and SEM (Figs. IB, C). A characteristic tissue cyst 
of Besnoitia besnoiti was observed by TEM. An entire host cell, in-
cluding its nucleus, was found enclosed between the 2-layer cyst wall 
(Fig. 1A). The parasitophorous vacuole membrane and the inner wall 
were lined by an electron-dense granular layer; a large number of bra-
dyzoites were inside the parasitophorous vacuole. Parasites near the 
inner wall seemed to be releasing small vesiculated structures (Fig. 1B). 
Ultrastructural morphology characteristic of B. besnoiti was observed 
(Shkap et aI., 1988), including a typical apical complex (Fig. IC), com-
prised by a sometimes protruded conoid (Fig. ID), rhoptries, a large 
number of micronemes, and dense granules. In bradyzoites we found a 
nucleus typically located in the posterior half of the parasite and several 
amylopectine granules (Fig. 1C). In addition, a micropore was observed 
at the posterior end of a single bradyzoite (Fig. 1 C). In this study enig-
matic bodies were not observed in the bradyzoites. This coincides with 
previous observations (Dubey et al., 2003, 2005), where such structures 
were not found in B. besnoiti, and have so far been observed only in 
B. darlingi (Dubey et al., 2002), B. tarandi (Hilali et al., 1990), and B. 
oryctofelisi (Dubey and Lindsay, 2003). 
The identity of the isolated parasite was also confirmed by PCR am-
plification and sequencing the 18S ribosomal RNA gene, the internal 
transcribed spacer 1 (ITS-I), and the partial sequence of 5.8S ribosomal 
RNA gene, using primers that had been designed to amplify DNA from 
other lower eukaryotic organisms, including apicomplexan parasites. 
Tachyzoites obtained in vitro were used to extract genomic DNA. 
Parasites were purified from cellular debris using PD-1O sepharose col-
umns (GE Healthcare, Madrid, Spain) and centrifuged as previously 
described (Fernandez-Garda et al., 2006). The pellet with tachyzoites 
was frozen at -80 C until use. Total DNA from purified tachyzoites 
was isolated using the Realpure genomic DNA extraction kit (Durviz, 
Valencia, Spain). DNA from MARC-145 cells was also isolated and 
used as a negative control. Amplification of 18S and ITSI-5,8S partial 
sequence ribosomal DNA was achieved by PCR from genomic DNA 
as overlapping fragments using primers AM and BM (Medlin et al., 
1988), together with Tim 3 (with some modifications) and Tim 11 
(Payne and Ellis, (996), respectively (Table I). To complete the 5' and 
3' I8S rDNA sequence, 3 more primers were designed. PCR was carried 
out using the Expand High Fidelity System (Roche Applied Science, 
Barcelona, Spain) following the manufacturer's recommendations, and 
amplification of 18S and ITS 1 differed only on that annealing temper-
ature was at 60 C for 18 sec and at 50 C for ITS 1. 
PCR products were analyzed by electrophoresis on a 1% agarose gel, 
then excised and purified with the GENECLEAN Turbo nucleic acid 
purification kit (Q-BIOgene, Cambridge, U.K.). Both strands of purified 
DNA fragments were sequenced with an ABI Prism 377 DNA sequenc-
er (Applied Biosystems, Madrid, Spain), using the primers mentioned 
above and the primer 2 described by Sogin and Gunderson (1987) (Ta-
ble I). To confirm fidelity of sequencing, at least 2 sequences from 
separate PCR reactions were aligned with 100% consensus. Sequence 
data were analyzed with BioEdit program v. 7.0.9 (Carlsbad, Califor-
nia). General similarity searches of DNA sequences were conducted on 
T BL I. i t f primer u d f r thi tudy. 
2* 
BBI 5R 
BBI 
BB2Re 
Tim m dified 
Tim II 
ccgaattcgtcgacaacctggttgatcctgcccagt 
cccgggatccaagcttgatccttctgcaggttcacctac 
agggttcgattccggaga 
atgatccgtcgccgacc 
gtgaattattcggaccgttttgtg 
gccaagacatccattgctgaa 
aggtgaacctgcggaaggatc 
cactgaaacagacgtacc 
M . 
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non-redundant GenBank databases via BLAST NCBI (http://www. 
ncbi.nlm.nih.gov/blast/). 
Products of genomic DNA from the tachyzoites isolated were cor-
rectly amplified and sequenced. A 2206 nt consensus sequence includ-
ing the 18S rRNA gene, ITS-I, and 5.8S partial rRNA gene was ob-
tained (GenBank EU789637). Comparisons of the consensus sequence 
with public databases showed 99-100% identity with 18S, ITSl, and 
5.8S ribosomal RNA sequences of B. besnoiti previously published 
(AFI09678, DQ227419, DQ227418, DQ227420, AY833646). 
The B. besnoiti isolate was designated as BbSpain-l; it is the first to 
be obtained and characterized in Spain and one of the first European 
isolates to be maintained in vitro, which will lead to further studies 
based on the pathogenesis, epidemiology, and immunology of besnoi-
tiosis in Europe and worldwide. Also, the ability of BbSpain-l to be 
adapted to grow in vitro seems not to be shared by all Besnoitia isolates; 
therefore, further research is needed to determine whether there is an 
association between this faculty and the pathogenicity of the isolate. 
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(SAT Coagral, Guadalajara) for providing the skin biopsy. We also 
thank the Genomic and Proteomic Center and the "Luis Bru" Electronic 
Microscopy Center of Complutense University of Madrid, Madrid, 
Spain. We wish to acknowledge Belen Antonio, Vanesa Navarro, and 
Ana Vicente for their excellent technical assistance. This work has been 
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ABSTRACT: In aquatic ecosystems, dense populations of snails can shed 
millions of digenean trematode cercariae every day. These short-lived, 
free-living larvae are rich in energy and present a potential resource for 
consumers. We investigated whether estuarine fishes eat cercariae shed 
by trematodes of the estuarine snail Cerithidea californica. In aquaria 
we presented cercariae from 10 native trematode species to 6 species 
of native estuarine fishes. Many of these fishes readily engorged on 
cercariae. To determine if fishes ate cercariae in the field, we collected 
the most common fish species, Fundulus parvipinnis (California killi-
fish), from shallow water on rising tides when snails shed cercariae. Of 
61 killifish, 3 had recognizable cercariae in their gut. Because cercariae 
are common in this estuary, they could be frequent sources of energy 
for small fishes. In tum, predation on cercariae by fishes (and other 
predators) could also reduce the transmission success of trematodes. 
Are parasites at the top of the food chain, or do they themselves have 
natural enemies? In aquatic habitats with cercariae, many organisms eat 
zooplankton similar in size and behavior to cercariae. Because cercariae 
are glycogen-rich zooplankters (Ginetsynskaia, 1960; Xu et aI., 1994) 
they could be suitable prey items. Zooplanktivorous fishes could be a 
significant source of cercariae mortality and thus decrease transmission 
to second-intermediate hosts. In addition, cercariae could provide a sig-
nificant source of energy for these fishes. 
The literature on cercaria predation centers on biological control of 
Schistosoma mansoni. Several studies show that guppies and an African 
killifish (Poecilia reticulata and Epiplatys fasciolatus, respectively) eat 
S. mansoni cercariae in the laboratory (Rowan, 1958; Pellegrino et aI., 
1966; Knight et al., 1970; Siau et aI., 1992). Oliver-Gonzalez (1946) 
observed cercariae being consumed by guppies in a Puerto Rican pond. 
In addition to fishes, several invertebrates readily eat cercariae (of sev-
eral species) in the laboratory, including turbellarian worms (Holliman 
and Mecham, 1971), copepods (Christensen, 1979; Banetjee, 1996; 
Schotthoefer et aI., 2007), odonates (Schotthoefer et aI., 2007), annelids 
(Fernandez et al., 1991), anemones (Mouritsen and Poulin, 2003), cla-
docerans, and ostracods (Christensen, 1979). 
Correlational field studies have demonstrated a negative association 
between cercaria predators and transmission to second-intermediate 
hosts, specifically when these hosts are co-habitated by epibionts. Gruf-
fydd (1965) found that cercariae are eaten by the annelid Chaetogaster 
limnaei limnaei, a commensal of fresh-water snails. Rodgers et al. 
(2005) and Ibrahim (2007) demonstrated that Chaetogaster limnaei lim-
naei actually reduces trematode transmission from its host snail by prey-
ing on cercariae. The sea anemone, Anthopleura aureoradiata, can pro-
tect the cockle it lives on from infection by preying on cercariae as 
they near the cockle (Mouritsen and Poulin, 2003). However, none of 
these studies has verified cercaria predation in nature via gut content 
analysis or considered how cercaria and predator sizes alter predation 
rates. 
We examined cercaria predation by fishes in Carpinteria Salt Marsh 
(CSM), a 66 ha estuary in southern California. Here the California hom 
snail, Cerithidea californica, serves as the first-intermediate host for a 
guild of 18 trematodes. Nearly all of these species seek out second-
intermediate hosts that can be fishes, crabs, clams, polychaetes, or 
snails, depending on the species of trematode. Birds are usually the 
final hosts, and these trematodes complete their life cycles when a bird 
(or a mammal, such as a raccoon) eats the second-intermediate host. 
Snails are abundant, and the prevalence of infection with trematodes is 
high (Lafferty, 1993). This leads to a high biomass density of trematode 
tissue in the estuary (Kuris et al., 2008). Cercariae are common in the 
water column (Stevens, 1996; Kuris et al., 2008), and it has been pro-
posed that they are fed on by zooplanktivores, particularly fishes (Laf-
ferty, Hechinger, et al., 2006). We predicted that if fishes commonly 
prey on cercariae in the wild, then fishes would actively consume cer-
cariae in the laboratory. We also predicted that cercariae might comprise 
a detectable component of wild fish diets. 
We verified that fishes do consume cercariae in a laboratory setting. 
Then, using our observations that juvenile fishes readily ate cercariae 
in aquaria, we examined wild-caught juvenile killifish for cercariae in 
their guts. Our findings confirm that estuarine fishes consume cercariae 
of most trematode species under laboratory conditions, and that cercaria 
predation is detectable in the field for the most common fish species in 
the estuaries of southern California. 
We collected C. californica from CSM and housed them in mesh 
bags on a water table in the dark. To induce shedding of cercariae, we 
placed individual snails in glass scintillation vials containing seawater 
and exposed them to light for 4 hr. Seven trematode species were in-
vestigated: Acanthoparyphium spinulosum, Cloacitrema michiganensis, 
Himasthla rhigedana, Himasthla sp. B., Parorchis acanthus, Renicola 
buchanani, and Euhaplorchis californiensis. Three additional species 
were used, but only in a single trial: Probolocoryphe uca, Stictodora 
hancocki, and Pygidiopsoides spindalis. With the exception of E. cali-
forniensis, S. hancocki, and P. spindalis, all these trematodes are easily 
visible to the naked eye. 
Six fish species were collected from CSM: F. parvipinnis (California 
killifish), Clevelandia ios (arrow goby), Leptocottus armatus (staghorn 
sculpin), Gillichthys mirabilis (longjaw mudsucker), Hypsopsetta gut-
tulata (diamond turbot), and Atherinops affinis (topsmelt). Fish were 
housed in aquaria with running seawater for at least 1 wk to acclimate 
them to the laboratory environment and fed fish flakes ad lib. We fol-
lowed University of California-Santa Barbara guidelines for acquisi-
tion, transport, housing, and use of fishes. 
Before a feeding trial, the fish were moved to individual 250- or 500-
ml Erlenmeyer flasks (depending on fish size) and held without food 
for 24 hr. Between 30 and 100 cercariae of a single trematode species 
were offered to each fish for 15-60 min, depending on how long it took 
each fish to display feeding behavior. Preliminary trials indicated that 
number of cercariae eaten would not provide a meaningful measure, 
because most fish simply ate all the cercariae provided. For this reason 
we chose the simple qualitative measure of whether or not fish actively 
ingested cercariae. At the conclusion of the feeding trial, each fish was 
removed from the flask, killed, measured for total length (TL) and dis-
sected immediately to check for the presence of cercariae in the gastro-
intestinal (GI) tract. We examined the mouth, then excised the GI tract 
and mounted it on a slide for inspection using a stereomicroscope. For 
small fish less than 17 mm TL, the GI tract was opened but not excised 
from the body. Feeding trials included 68 fish. We used logistic regres-
sion to evaluate the association between fish feeding and the predictors: 
cercaria species and size (volume) and fish species and size (TL). All 
first-order interactions were initially entered, but non-significant effects 
(P > 0.05) were sequentially removed from the model to help preserve 
power and degrees of freedom. 
Soft-bodied prey, e.g., cercariae, are difficult to detect in gut contents 
because of their rapid digestion rate (Sutela and Huusko, 2000). To 
assess our ability to detect cercariae in the guts of wild-caught fish, we 
determined the rate that juvenile killifish digested cercariae in the lab-
oratory. To be certain that we dissected fish that ate cercariae, we ob-
served them feeding through a hole in a black curtain. Fish exhibiting 
feeding behavior were immediately anesthetized and left in the flask for 
a 15-, 20-, 25-, or 30-min "digestion" interval, after which they were 
killed and dissected. The digestion rate trials consisted of 10 fish. We 
recorded the location of cercariae in the GI tract for each time interval. 
We chose to use the California killifish for field investigations based 
on its high abundance in the estuary (Hechinger et aI., 2007) and its 
ready ingestion of multiple species of trematode cercariae in the labo-
ratory. We selected collection sites where previous surveys indicated a 
high prevalence of H. rhigedana in snails. Killifish readily ate this trem-
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tected movement, they would become agitated and dart rapidly within 
the flask, both vertically and horizontally. This behavior lasted for no 
more than 30 sec before the fish resumed their previous position on the 
bottom of the flask. 
Introduction of pipetted cercariae into the flask stimulated agitated 
behavior in the fish. After 30-120 sec, the swimming speed decreased 
and feeding behavior was apparent. Feeding behavior involved fish ap-
proaching cercariae and repositioning the body for attack and ingestion. 
Fishes focused on the movement of cercariae while foraging; they ap-
pear to use visual cues. to prey on cercariae. The body-repositioning 
behaviors were often repeated until all cercariae in the flask were con-
sumed. When pure seawater was pipetted into the flask as a control, the 
fish made a few rapid circles consistent with agitation, and then settled 
back down to the bottom. ,~ 
Recently ingested cercariae in the foregut of the fish were readily 
identifiable to species. Himasthla rhigedana cercariae were also iden-
tifiable in the midgut by their characteristic anterior pigment mass. With 
the exception of H. rhigedana, cercariae were no longer recognizable 
after the 25 min it took to pass from the foregut to the midgut. 
Of the 61 killifish examined in the field, 3 (5%) had H. rhigedana 
cercariae in their guts. All 3 fish with cercariae in their guts were ju-
veniles from the mudflat habitat. Considering only juvenile killifish 
from the mudflats, 3/25 (12%) of the fish had cercariae in their guts. 
The conspicuous appearance of H. rhigedana cercariae is a likely ex-
planation for why we found this species, and not others, in wild-caught 
fishes. Half the fish had identifiable contents in the midgut. Of these, 
28 had crustaceans, 16 algae, 7 polychaetes, 7 nematodes, 5 insects, 
and 5 unidentified eggs. 
All estuarine fishes we studied recognized trematode cercariae as 
food. This was particularly true for small fish feeding on large cercariae. 
It may be that small cercariae do not represent profitable food items, 
particularly for larger fishes. The most readily consumed trematode cer-
cariae were those of R. buchanani. This species has a unique clustering 
behavior and pink coloration (Martin, 1955) that has been suggested to 
be an adaptation to facilitate ingestion by fishes that serve as the trem-
atodes' second-intermediate host, F. parvipinnis and G. mirabilis). Fish-
es eat clusters of rat-king cercariae more readily than solitary cercariae 
of the same species (Galaktionov and Dobrovolskij, 2003). Because we 
found that non-hosts also eat rat-king clusters, this putative adaptation 
may have a cost. Similarly, several freshwater trematode cercariae mim-
ic mosquito pupae or worms in both morphology and behavior to entice 
fish second-intermediate hosts to prey on them (Dronen, 1973; Hen-
drickson and Kingston, 1974). 
Although we do not have sufficient data to determine the extent that 
fishes in CSM generally avoid or consume cercariae that can infect them 
as second-intermediate hosts, we found 2 instances of fishes consuming 
cercariae that normally infect them through penetration (c. ios ate S. 
hancocki, and L. armatus ate P. spindalis; Table I). In some cases po-
tential intermediate hosts, like the zebrafish, Brachydanio rerio, can 
reduce their risk of infection by consuming cercariae before the cercar-
iae are able to penetrate their surface (Anderson et aI., 1978). 
Whether cercariae comprise an important part of fish diets in estuaries 
is unclear. Kuris et al. (2008) estimate that in aquatic habitats at CSM, 
infected snails produce 5 g/m2 of cercariae annually, while the standing-
stock biomass of fishes in these habitats is 10.3 g/m2. What proportion 
of the energetic needs of the fish community might cercariae meet? 
Perez-Espana et al. (1998) estimate that the California killifish popu-
lation in the Ojo de Liebre estuary has an annual energetic need of 20.8 
g crustaceanig of fish. Assuming the fish community in CSM has a 
similar per gram consumption rate as the killifish popUlation at Ojo de 
Liebre, this would translate to >200 g of food consumed by fishlm2/yr 
in CSM. Assuming the energetic content of cercariae is comparable to 
crustaceans, and that fish eat most cercariae produced, suggests that 
cercariae produced in this system could supply up to 2-3% of the en-
ergetic needs of the fish community. If most cercariae consumed are 
eaten by juvenile fishes, then the proportion of their diet that cercariae 
comprise may be considerably greater than 2-3%. Although 2-3% is 
not a substantial figure for the entire fish community, cercariae might 
be an important resource at certain places and times, and it seemed 
logical to include trematode cercariae in aquatic food webs (Lafferty, 
Dobson, et al., 2006). Currently estimates are underway to determine 
the cercarial proportion of the CSM zooplankton community as well as 
their actual caloric value. 
Predation is likely a common source of mortality for free-living stag-
es of parasites, and most studies indicate predation can greatly reduce 
transmission (Thieltges et al., 2008). Whether predation by fishes is a 
significant source of mortality for cercariae in CSM remains an hy-
pothesis. In aquaria fishes can consume all available cercariae, and, in 
the field, we estimate that the consumption of cercariae is significant 
enough to impact food-web dynamics. Invertebrate predators might also 
be important sources of mortality. Clams and polychaetes consume cer-
cariae (Lafferty, Hechinger et aI., 2006), and their biomass density is 
higher than that of fishes in estuaries such as CSM (Kuris et aI., 2008). 
However, the nature of the predator and the effect of predation on the 
cercariae likely vary depending on the trematode species. Manipulating 
predator abundance and tracking changes in transmission of trematodes 
to second-intermediate hosts is the next logical step to evaluate this 
hypothesis. Predation on trematode cercariae could affect energy flow 
and transmission dynamics in this estuarine ecosystem, and it is likely 
that other ecosystems are similarly affected. Incorporating predation on 
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parasites into energetic and transmission models of aquatic ecosystems 
will improve our picture of transfer of energy and patterns of infectious 
diseases. 
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Acetic Acid Induced Ulceration in Rats Is Not Affected by Infection with 
Hymenolepis diminuta 
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Calgary, Alberta, Canada; 'Inflammation Research Network, Department of Pharmacology and Therapeutics, University of Calgary, Calgary, 
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ABSTRACT: Analysis of rodent models of inflammatory bowel disease, 
airways hyper-reactivity, diabetes, and multiple sclerosis has shown that 
infection with helminth parasites can significantly reduce the severity 
of the disease. Here, we assessed whether rats infected with the tape-
worm Hymenolepis diminuta were protected from gastric ulceration in-
duced by the serosal application of acetic acid. All rats gavaged with 
infective cysticercoids harbored adult worms when assessed 6 wk later, 
and acetic acid evoked the expected gastric ulceration. However, infec-
tion with H. diminuta did not affect the degree of gastric ulceration at 
either 3 or 7 days post-acetic acid application, as gauged by ulcer area 
or histopathology. While the data do not dismiss the possibility that 
infection with other helminths could be anti-ulcerogenic, they illustrate 
that 'helminth therapy' for inflammatory disease is likely to be both 
disease- and helminth-specific. 
Rodents infected with helminth parasites are used extensively as 
model systems to identify immunological processes in the host (Hum-
phreys et aI., 2008). Thus, analysis of infection in the natural definitive 
host, a non-permissive host, where the helminths are spontaneously ex-
pelled or use of helminth-derived molecules have been used to assess 
mobilization and regulation of immune effortor mechanisms (Harnett 
and Harnett, 2006; Anthony et aI., 2007). This research has repeatedly 
shown that mice and humans infected with parasitic helminths mount 
an immune response that is dominated by T helper 2 (TH2) reactions, 
involving mast cells, goblet cells (if the infection is in a mucosal tissue), 
eosinophils, IgG and IgE, and, among others, the cytokines, interleukin 
(IL)-4, -5, -9, and -33 (Maizels and Yazdanbakhsh, 2003). These events 
are critical for neutralization/destruction and/or eradication of the par-
asite; they can also direct .significant immunopathology in the host. 
Moreover, data have emerged showing that infection with a parasitic 
helminth can be accompanied by increases in immunoregulatory factors, 
e.g., IL-lO and TGFj3, and cells (regulatory T cells, alterflatively acti-
vated macrophages), the function of which is presumably to reset the 
immune system after the infection has been effectively cleared (Elliott 
et aI., 2007). Thus, while a parasite by definition does some harm to its 
host, the mobilization of immunoregulatory events that can suppress 
immune cell activity should, hypothetically, dampen concomitant im-
munopathological events in the host (McKay, 2006). 
We, and others, have shown that infection with helminth parasites 
significantly reduces disease severity in animal models of intestinal in-
flammation, airways inflammation/hyper-reactivity, diabetes, and mul-
tiple sclerosis (Hunter et aI, 2005; Wilson et aI, 2005). These proof-of-
principle studies have sought to define the mechanism(s) by which in-
fection with helminth parasites can limit other diseases. In an extension 
of these studies, we sought to determine whether rats infected with the 
tapeworm Hymenolepis diminuta were protected from gastric ulceration. 
Gastric and duodenal ulcers are major health concerns in Western so-
ciety but are of lesser importance in developing regions of the world, 
where infection with helminth parasites is endemic. 
To test the hypothesis that infection with a parasitic helminth would 
protect against gastric ulceration, male Sprague-Dawley rats (75-100 g; 
Charles River Laboratories, Boston, Massachusetts) were infected by 
oral gavage with 15 cysticercoids of H. diminuta in 500 fLI of sterile 
PBS and housed under standard conditions (12hr:12hr light:dark cycle, 
free access to food and water) for 6 wk in the Central Animal Facility 
at the University of Calgary, Calgary, Alberta, Canada. Control animals 
received sterile PBS only. Rats were anesthetized, a laporotomy per-
formed, and 0.2 ml of 20% acetic acid (voVvol) applied to the serosal 
side of the greater curvature of the stomach for 1 min (Wallace et aI., 
2007). Incisions were sealed with surgical staples and the animals re-
turned to their home cage. Three or 7 days later, infected rats and time-
matched controls were humanely killed, their stomachs excised, and the 
area of the ulcer measured. Briefly, the stomach was pinned out on a 
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FIGURE 1. Bar graph showing the size of gastric ulcer 3 and 7 days 
after topical acetic acid (AA) application to the greater curvature of the 
stomach of naive, i.e., control rats or animals infected with Hymenolepis 
dimin~ta 6 wk previously (data are mean ± standard error of the mean; 
no statistical differences between the time-matched groups were iden-
tified). 
wax block, and the mucosal surface and a paper grid of 5 X 5 mm were 
photographed. The ulcer area was quantified planimetrically from the 
photographs, and pixels were converted to mm2 using the paper grid as 
a reference (Wallace et aI., 2007). Portions of ulcerated stomach tissue 
were excised, fixed in 10% formalin, and processed into paraffin blocks, 
and 5-fLm sections were collected on coded slides then stained with 
hematoxylin and eosin for histological analysis. The small intestine was 
removed from infected rats; H. diminuta flushed from the lumen with 
ice-cold saline were counted; and total worm biomass was recorded. 
Data are presented as means ± standard error of the mean and analyzed 
by I-way analysis of variance (AVOVA) followed by post hoc pair-
wise comparisons with Student's t-test, where P < 0.05 was set as an 
acceptable level of statistically significant difference. These experiments 
conformed to the Guidelines of the Canadian Council on the use of 
animals in biomedical research. 
Mice gavaged with cysticercoids harbored 6-15 adult worms, with 
the corresponding worm biomass ranging from 1.0 to 4.7 g (we com-
monly observe variation in infectivity between rats, and this could be 
due to variability in the gavage or cysticercoid viability, or, since we 
did not open the intestine following flushing, it is feasible that some 
worms remained adherent to the bowel wall). Histological analysis of 
stomach sections from control and rats infected with H. diminuta re-
vealed no appreciable differences. Rats treated with acetic acid only 
had obvious macroscopic ulceration on necropsy, and the degree of 
ulceration was virtually identical in H. diminuta-infected rats at 3 and 
7 days post-acetic acid, as gauged by ulcer area (Fig. 1). Histopathology 
was identical in experimental and control rats; it was characterized by 
frank ulceration, edema, a mixed. cell infiltrate that included mononu-
clear and polymorphonuclear cells, dilated blood vessels, and obvious 
dead cells with pynotic nuclei, 
We also assessed the data individually and observed no significant 
correlation between helminth infectivity (worm number or total bio-
mass) and uicer size in acetic acid treated rats (Table I). Thus, we can 
provide no data in support of the hypothesis that rats infected with H. 
diminuta are protected from gastric ulceration evoked by a topically 
applied irritant. However, these findings do not dismiss the possibilities 
that infection with H. diminuta could reduce the severity of gastric 
ulceration evoked by other stimuli, e.g., non-steroidal anti-inflammatory 
drugs, or that infection with other species of parasitic helminth could 
reduce or prevent gastric ulceration. Indeed, mice infected with Heli-
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TABLE I. Correlation of worm Hymenolepis diminuta infectivity and 
biomass with acetic acid induced ulceration in rats. 
Time after 
acetic acid 
application 
(days) 
3 
3 
7 
7 
Comparison* 
Number of worms with ulcer size 
Worm biomass with ulcer size 
Number of worms with ulcer size 
Worm biomass with ulcer size 
* n = 5 animals/group. 
Pearson 
correlation 
value 
-0.17 
0.67 
-0.84 
0.24 
gosomoides polygyrus and Helicobacter pylori had reduced gastric at-
rophy compared with H. pylori-only infected mice; moreover, H. pylori 
colonization in the stomach was not appreciably different between the 
2 groups of mice (Fox et ai., 2000). 
The data presented here are compatible with our previous study 
showing that H. diminuta-infected rats were not protected from colitis 
induced by the haptenizing agent, dinitrobenzene sulfonic acid (DNBS) 
(Hunter et al., 2005). Mice, unlike rats, expel H. diminuta, and it is our 
contention that the immune response that mediates the rejection of the 
helminth confers the protection against DNBS-induced colitis in mice. 
Thus, while rats mount an immune response against H. diminuta (Ishih 
and Uchikawa, 2000), this reaction is not sufficient to expel the parasite, 
and the nature of the immune reaction can reduce neither acetic acid 
induced gastric ulceration nor DNBS-induced colitis. 
We have shown that infection with parasitic helminths can both pre-
vent and exaggerate colonic inflammation (Hunter et ai., 2005, 2007). 
The present study underscores the need to assess a variety of parasites 
in multiple models of disease (in both permissive and non-permissive 
hosts) so that the host immune response to the parasite and the ability 
of the parasite to modul!\.te host immunity can be precisely defined. The 
ultimate goal of such studies is the identification of molecules or mech-
anisms that can be targeted as new treatments for inflammatory and 
autoimmune diseases. 
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First Record of Anguillic%ides crassus (Nematoda) in American Eels (Anguilla rostrata) 
in Canadian Estuaries, Cape Breton, Nova Scotia 
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ABSTRACT: In the summer of 2007, American eels, Anguilla rostrata, 
from 2 localities on Cape Breton Island, were found to be infected with 
the swim bladder nematode Anguillicoloides crassus. This is the first 
documented report of this highly invasive parasite in Canadian waters. 
More than half of the yellow eels in Mira River (6 of 10), and 1 eel 
(of 5) from Sydney Harbour were infected. Parasite intensity ranged 
from 1 to 11 worms per eel. The occurrence of A. crassus at these 2 
localities suggests the need for a more extensive survey on the distri-
bution of this exotic parasite in eel populations throughout Cape Breton 
Island. 
Anguillicoloides crassus (Kuwahara et aI., 1974) is a parasitic nem-
atode that originated from eastern Asia, where it is widespread among 
its native host, the Japanese eel Anguilla japonica (Evans and Mat-
thews, 1999; Barse et aI., 2001; Knopf, 2006). The nematode was 
formerly referred to as Anguillicola crassus, when Anguillicoloides 
was erected as a subgenus of Anguillicola (Moravec and Taraschews-
ki, 1988). Moravec (2006) subsequently raised Anguillicoloides to the 
status of genus, and the nematode is now referred to as Anguillico-
loides crassus (Kuwahara et ai., 1974) Moravec and Taraschewski, 
1988. 
International trade of eels led to the accidental A. crassus introduc-
tion to the European eel, Anguilla anguilla, in Europe and throughout 
the Mediterranean in the 1980s (Peters and Hartmann, 1986; Evans 
and Matthews, 1999; Evans et aI., 2001; Norton et aI., 2005; Loukili 
and Belghyti, 2007 [for a review, see Kirk, 2003]) and to Anguilla 
rostrata in North America in the mid 1990s (Johnson et ai., 1995; 
Fries et ai., 1996; Barse et ai., 2001; Moser et ai., 2001). The first 
record of A. crassus in North America was in 1995 (Johnson et ai., 
1995; Fries et ai., 1996), and the most recent published report that 
indicated the geographic spread of A. crassus along the eastern coast 
of the United States was from Chesapeake Bay, Maryland (Barse et 
ai. 2001). The present paper describes the first recorded~ccurrence of 
A. crassus in Canada. 
In the eel, A. anguilla, all life stages can become infected by con-
suming an infected intermediate or paratenic host (De Charleroy et aI., 
1990). Although there are only 3 known definitive host species, it is 
thought that a range of crustaceans, such as copepods and ostracods, 
are potential intermediate hosts (Peters and Hartmann, 1986). Numerous 
species of fish (Pietrock and Meinelt, 2002), as well as snails, amphib-
ians, and insect larvae (Moravec and Konecny, 1994; Moravec, 1996; 
Moravec and Skorikova, 1998), can serve as paratenic hosts for this 
nematode. Intermediate or paratenic host species in North America have 
not been identified (Barse et aI., 2001). Studies on the eel, A. anguilla, 
suggest that infection occurs via ingestion of crustacean or fish hosts 
carrying third-stage larvae (L3) (Peters and Hartmann, 1986; Evans and 
Matthews, 1999). Third- and fourth-stage (L3 and L4) juvenile A. cras-
sus are found in the swim bladder wall, and adult stages of the nematode 
inhabit the lumen of the swim bladder (Barse et ai., 2001). The parasite 
lays eggs in the swim bladder and, along with L2 larvae, newly hatched 
eggs pass through the pneumatic duct into the gut of the eel and are 
discharged with feces (DeCharleroy et a!., 1990; Evans and Matthews, 
1999). The complete life cycle of A. crassus is described by De-
Charleroy et a1. (1990). 
According to Nagasawa et a!. (1994), the parasite causes little or no 
pathology to its native host A. japonica. In anguillid eels other than A. 
japonica, however, infection of the swim bladder by A. crassus may 
damage the bladder waIl by causing it to thicken or even rupture (Ken-
nedy and Fitch, 1990; Molnar et a!., 1991; Evans and Matthews, 1999; 
Nimeth et a!., 2000; Sokolowski and Dove, 2006), by increasing anal 
redness (Crean et a!., 2003), and by decreasing host energy level (Boon 
et a!., 1990; Hoglund et a!., 1992; Molnar et ai., 1993), and it may even 
prevent eel migration to spawning grounds (Kirk, 2003; Palstra et aI., 
2007). It has been suggested that, in combination with other stressors, 
A. crassus has caused mortalities in farmed and wild eel populations 
(Kirk, 2003). 
The American eel, A. rostrata, is commonly found in estuaries and 
freshwater tributaries along the eastern shores of the Western Hemi-
sphere from Greenland and Iceland to Venezuela (Scott and Crossman, 
1973; Helfman et a!., 1987). They occupy the most extensive range 
(over 10,000 km of continental coastline between latitudes ~7°N and 
55°N) of any fish in the Americas (Helfman et a!., 1987; Edeline, 2007). 
The life cycle of A. rostrata begins with leptocephalus (leaf-shaped) 
larvae, which drift at sea for about I yr, followed by transparent glass 
eels that enter the estuary and become pigmented elvers. Elvers either 
stay in the estuary or migrate upstream and, in either case, they meta-
morphose to yellow eels, an immature stage that lasts from 5 to 20 yr. 
Finally, sexually mature silver eels migrate to the Sargasso Sea to spawn 
and then die (Scott and Crossman, 1973; Helfman et a!., 1987; Scott 
and Scott, 1988; COSEWIC, 2006). 
As part of another research project on fish assemblages and parasites 
in estuaries in Cape Breton, eels, A. rostrata, were collected during 
summer of 2007 from Sydney Harbour (46°7.950'N, 60°11 .756'W) and 
Mira River (46°2.824'N, 60°1.138'W) (Fig. 1) using eel pots baited with 
sardines. Sydney Harbour is a marine environment; however, eels were 
sampled where the Wentworth Park duck pond empties into Sydney 
Harbour. Salinity was 18.1 parts per thousand (ppt) at the Sydney Har-
bour collection site when the eels were collected. The collection site on 
Mira River is estuarine, with salinities ranging from approximately 10 
to 18 ppt. Eels (n = 5 from Sydney Harbour and 10 from Mira River) 
were anesthetized with clove oil and frozen (-20 C) within 12 hr of 
collection. 
Anguillicoloides crassus was detected in eels from both Sydney Har-
bour and Mira River (Table 1). Only 1 eel (of 5 examined) from Sydney 
Harbour was infected, and more than half of the eels in Mira River 
were infected (6 of 10). Parasite intensity ranged from 1 to II worms 
per eel. 
This is the first documented report of A. crassus in A. rostrata from 
Canada. Previous studies have examined parasites in A. rostrata from 
Cape Breton Island (c. Bartlett, pers. comm.) mainland Nova Scotia 
(Marcogliese and Cone, 1996), but A. crassus was not found. 
Once introduced into freshwater and estuarine environments, A. cras-
sus has been documented to spread rapidly among eel populations (Ma-
chut and Limberg, 2008). Prevalences increase from 10% to 50% within 
a year (Belpaire et a!., 1989; Koops and Hartmann, 1989) and may even 
reach 100% prevalence within I yr (Kennedy and Fitch, 1990). Dis-
persal of A. crassus within aquatic systems is generally through the 
natural movements of infected definitive, intermediate, and paratenic 
hosts (Machut and Limberg, 2008). Spread between distant localities is 
generaIly through human transport of infected eels. According to Kirk 
et a!. (2000), transmission of A. crassus in estuaries (such as Mira River 
and the upper reaches of Sydney Harbour) is ecologically possible since 
the copepod Eurytemora affinis is susceptible to infection and is the 
dominant autochthonous species in most tidal estuaries in the Northern 
Hemisphere. However, they suggest that transmission at sea (in full 
strength seawater) is unlikely due to the lack of suitable intermediate 
hosts (Kirk et a!., 2000). 
In Europe, it is thought that A. crassus was introduced accidentally 
into European eels, A. anguilla, via infected Japanese eels, A. japonica, 
from Asia in the early 1980s (Kennedy and Fitch, 1990; Evans and 
Matthews, 1999). Anguillicoloides crassus then spread throughout Eu-
rope and the Mediterranean region due to human activity, i.e., human 
transportation of live eels by road (Kennedy and Fitch, 1990). Anguil-
licoloides crassus was first documented in North America from Amer-
ican eels, A. rostrata, reared in a south Texas aquaculture facility in 
1995 (Johnson et a!., 1995; Fries et a!., 1996). It is thought that elvers 
(juvenile stock) supplied by an east coast grower carried the parasite. 
The history of the A. crassus spread in North America, and now into 
Cape Breton, is not well understood. The apparently disjunct population 
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ABSTRACT: The development of microsatellite markers for parasitic 
nematodes has been hampered by technical difficulties in isolation and 
PCR amplification. We have investigated the potential for circumvent-
ing these problems using micro satellites from 3 trichostrongyloid spe-
cies on a panel of 7 species. Ten of the 22 PCR primer pairs tested 
amplified in species other than the target species, usually in closely 
related species, and 2 new variable loci were discovered in the sheep 
parasite Trichostrongylus vitrinus. This study provides evidence that 
cross-species testing of microsatellite primers can be an effective alter-
native to isolation de novo. 
Microsatellite markers have a wealth of potential applications for 
parasitic nematodes, ranging from revealing population genetic structure 
to informing anthelmintic control strategies (Criscione et aI., 2005). 
However, with a few exceptions (reviewed in Grillo et aI., 2006 and 
Johnson et aI., 2006), micro satellites have been relatively underexploit-
ed in parasitic nematodes. Microsatellite isolation de novo is laborious 
(Slate et aI., 1998) and in parasitic nematodes has been hampered by 
technical difficulties (Fisher and Viney, 1996; Grillo et al., 2006; John-
son et aI., 2006). 
Microsatellite markers isolated from a particular species can often 
reveal genetic variation in closely related species, providing a cost ef-
fective alternative to de novo micro satellite isolation (Peakall et al., 
1998; Dawson et aI., 2000; Torres et aI., 2004; Wilson et al., 2004). 
Although no detailed assessment of cross-species amplification has been 
tried in parasitic nematodes, the cross-genus detection of microsatellite 
variation in Teladorsagia circumcincta using Haemonchus contortus 
primers (Grillo et aI., 2006) suggests that this approach might have 
considerable potential for parasitic nematodes. 
Most of the species in which anthelmintic resistance is widespread, 
such as H. contortus, Trichostrongylus colubriformis, aad T. circum-
cincta, belong to the Trichostrongyloidea (Hoste et aI., 1998; de Bellocq 
et aI., 2001). In the present study, we have exploited the availability of 
microsatellite markers in 3 trichostrongyloid species to test the appli-
cability of cross-species amplification across 7 species in this econom-
ically important group, as well as 2 sister taxa (Fig. 1). Twenty micro-
satellite markers were tested: 1 (Hcms28) from H. contortus (Hoekstra 
et al., 1997); 6 (MTG15, MTG16, MTG17, MTG67, MTG73, and 
MTG74) from T. circumcincta (Grillo et aI., 2006); and 13 (Tte002, 
Tte003, Tte016, Tte017, Tte030, Tte057, Tte102, Tte1l4, Tte134, 
Tte199, Tte201, Tte218, and Tte331) from Trichostrongylus tenuis 
(Johnson et aI., 2006). We tested an additional 2 pairs of primers de-
signed to amplify a micro satellite within TcREP (GenBank accession 
M8461O), a repetitive sequence discovered in T. colubriformis and 
abundant in all trichostrongyloid genomes assayed (Callaghan and Beh, 
1994; Gasser et aI., 1995). The aim was to establish multilocus markers 
capable of revealing intraspecific variation in a range of species. We 
designed different reverse primers to amplify short (TcREPnearR: GG 
CACCAAAAGCACAGTATT) and long (TcREPfarR: CAGCAATGG 
TTCTAGGTGTG) sections of TcREP against a consensus forward 
primer (TcREPconsensusL: GCGAGATATGAATTTCGTGAC). 
Seven species were investigated using the 22 primer pairs described 
above: T. tenuis, Trichostrongylus vitrinus, Trichostrongylus axei, T. 
circumcincta, H. contortus, Caenorhabditis elegans, and an unidentified 
Nematodirus species (not N. batti); T. circumcincta was represented by 
its morphotypes circumcincta, davtiani, and trifurcata. 
PCR template (genomic) DNA was prepared from T. tenuis, H. con-
tortus, and C. elegans by lysis of individual adult male nematodes ac-
cording to Grillo et al. (2006). Only males were used to avoid contam-
ination from sperm or fertilized eggs (Anderson et aI., 2003). All sam-
ples included in the study passed a template DNA quality check re-
quiring PCR amplification of the second internal transcribed spacer 
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(ITS-2) using the primers and PCR conditions of Hoste et ai. (1995). 
These ITS-2 primers are known to amplify in all the genera investigated 
here (Gasser et aI., 1993; Hoste et al., 1995; Stevenson et aI., 1995, 
1996; Newton et aI., 1998). 
For each of the 7 species used, an initial round of micro satellite 
primer screening was performed on the pooled template DNA of 4 
individual nematodes, selected on the basis of strength of amplification 
with the ITS-2 locus. Pooled DNA was used to test loci to ensure that 
sufficient DNA would remain for within species screening. PCR am-
plifications were carried out in lO-fLl volumes each containing 1 fLl 
DNA template, 1 X magnesium-free PCR buffer (Promega, Madison, 
Wisconsin), 1.5 mM magnesium chloride, 5 mM dNTPs, 1 fLM each 
primer, and 5 units/fLl Taq (Promega). All PCR amplifications were run 
with at least 1 negative (no DNA) control and at least 1 positive control 
(where a sample known to amplify reliably from each target species 
was used). For ITS-2 amplification the PCR program was 94 C for 2 
min, 12X (92 C for 45 sec, 55 C for 45 sec, 72 C for 50 sec), followed 
by 25X (89 C for 30 sec, 55 C for 45 sec, 72 C for 50 sec), and finally 
5 min at 72 C. For microsatellite amplifications the PCR program was 
95 C for 1 min 29X (95 C for 30 sec, 45-60 C gradient for 30 sec, 72 
C for 45 sec) followed by 25X (89 C for 30 sec, 45-60 C gradient for 
30 sec, 72 C for 45 sec), and, finally, 72 C for 5 min. PCR products 
were visualized by agarose gel electrophoresis. Successful PCR cross-
species amplifications were repeated using the optimal annealing tem-
perature to assess micro satellite variability using DNA from 7 individ-
ual nematodes. PCR products amplified from the T. tenuis primers were 
analyzed by the Sir Henry Welcome Functional Genomics Facility (Uni-
versity of Glasgow, Glasgow, U.K.) using a MegaBACE 1000 DNA 
Analyzer (Molecular Dynamics, Sunnyvale, California). PCR products 
from other primer sets were resolved using a 6% polyacrylamide gel 
and visualized by silver staining (Bassam et aI., 1991). Microsatellite 
diversity was gauged by estimating expected heterozygosity (He) ac-
cording to Nei (1978). 
The results of the initial round of primer screening are shown in 
Figure 1. Of the 22 primer sets used, 10 amplified in more than 1 of 
the 7 species in which strong ITS2 amplification suggested high DNA 
quality. Only 2 of the 10 markers, Tte016 and Tte218, showed intra-
specific variation in a newly tested species, namely, T. vitrinus. Only 1 
of the 7 species did not yield PCR product from any of the microsatellite 
primers, Nematodirus spp., probably because of the large taxonomic 
distance of this species from those in which the microsatellites were 
developed (de Bellocq et aI., 2001). Indeed, the overall pattern of cross-
species amplification reflected taxonomic distance (Fig. 1). Given the 
improbability of micro satellite flanking sequences being conserved be-
tween distantly related species, it may be that the products amplified in 
C. elegans (Fig. 1) are due to primers binding to non-homologous DNA 
sequences. This conclusion was supported by homology searches 
against the C. elegans genome using the UCSC genome browser 
(http://genome.ucsc.edu). 
The TcREP primers amplified in a wide range of species when tested 
on pooled DNA and even appeared to show morph-specific amplifica-
tion in T. circumcincta (Fig. 1) but, when tested on individual extrac-
tions, they did not produce interpretable patterns of inter-individual var-
iation for any species. The TcREPfar primers produced at least 50 bands 
in each individual, none of which showed sufficient inter-individual 
consistency to allow them to be assigned to single loci. The TcREPnear 
primers amplified up to 3 faint and diffuse bands in all 7 species tested 
except T. tenuis, in which a multi-band pattern was observed in 3 in-
dividuals. Given that Grillo et ai. (2008) found samples of the 3 T. 
circumcincta morphs collected from the same population as our samples 
to be indistinguishable using 5 micro satellite markers, we believe that 
variation in amplification success is a likelier explanation for the ap-
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Primer pair 
Phylogeny Species 
r------Caenorhabditis elegans 
Nematodirus spp. 
Haemonchus contortus CO CO cB A_B1 * A* A 
Teladorsagia circumcincta 
c-05 C9 CO C7 morph davtiani 
Teladorsagia circumcincta 
c-06 c7 CO C5 A1 * A* morph circumcincta A 
Teladorsagia circumcincta 5 d CO C6 A1 A* morph trifurcata c-o 
Trichostrongylus tenuis 2 - A7 d * * A-O A-8 A-C A A 
Trichostrongylus vitrinus A-a A_B1 A1 A-d 03 A* A* 
Trichostrongylus axei A1 01 A* A* 
FIGURE I. Phylogenetic relationships. microsatellite amplification, and polymorphism among the taxa used in this investigation. The phylogeny 
shown here was compiled from 5 published phylogenies (Chilton et aI., 1997; Blaxter et aI., 1998; Hoste et aI., 1998; Chilton et aI., 2001; de 
Bellocq et aI., 2001). Where a PCR product was observed, the successful annealing temperature range is indicated (A, 45.0-46.3 C; B, 47.6-
51.4 C; C, 53.9-57.7 C; D, 58.8-60.0 C). Extra-specific amplifications are shown in bold, and a blank field indicates that no amplification was 
observed. The superscript indicates the number of alleles observed in polymorphism screening among 7 individuals (0 no bands resolved at this 
stage; - not screened; * complex banding pattern, see text for details). Three loci (MTG73, MTG 16, and MTG 17) have been omitted since these 
gave no amplification. Results from the Trichostrongylus tenuis loci Tte002, Tte003, Tte017, Tte057, Tte102, Tte1l4, Tte20l, and Tte33 1 are not 
shown because they amplified only in the target species. See text for details of primer origin. 
parent T. circumcincta morph specificity than fixed DNA'sequence dif-
ferences. We conclude that neither of the TcREP primer pairs tested 
here constitutes reliable multi locus markers. 
Loci MTGI5, MTG67, MTG74, and Hcms28 amplified in the 3 T. 
circumcincta morphotypes, and all but MTG74 (which failed to amplify 
at the screening stage) revealed high levels of variation (Fig. 1). No 
genetic differences were apparent among the 3 morphotypes. Although 
strong conclusions are not possible based on the small sample size used 
here, this result is consistent with the study of Grillo et al. (2008), which 
found no population genetic differences among these 3 morphotypes in 
a much larger sample. 
The sex-linked T. tenuis loci TteOl6 and Tte218 were highly variable 
in the 7 T. vitrinus adult males, with levels of diversity similar to those 
found in T. tenuis (Johnson et aI., 2006). At locus TteOl6 in T. vitrinus, 
5 alleles from 154 to 171 bp were identified with He = 0.90 compared 
with He = 0.69 and allele range 171-184 for T. tenuis. At Tte218, T. 
vitrinus showed 3 alleles from 106 to 109 bp and He = 0.73 compared 
with He = 0.83, and an allele range of 102-120 for T. tenuis. No un-
equivocal heterozygotes were observed at either locus. However, a pu-
tative second allele with a level of fluorescence about half that of the 
main allele was observed in 1 sample at Tte218, probably as a result 
of contamination or some other PCR artifact. The apparent absence of 
heterozygous genotypes at these 2 loci, despite high diversity among 
the 7 males tested, suggests that they are also sex-linked in T. vitrinus. 
These loci are the first microsatellite markers to be developed in the 
intestinal parasite T. vitrinus, which is a major cause of ovine gastro-
enteritis world wide (Coles et aI., 1998). 
Overall, we discovered 2 new variable loci. Although only a minority 
of trials were successful, some of the species tested here are very dis-
tantly related (Fig. 1) and so would not be expected to have a high 
probability of cross-amplification, which has been observed to be close-
ly associated with phylogenetic proximity (Peakall et aI., 1998). Their 
most recent common ancestor is thought to have lived about 400 million 
yr ago (Mya) (Vanfleteren et aI., 1994), while in birds and mammals, 
where cross-species transfer is well established, a success rate of about 
50% has been observed between species that diverged 10-20 Mya 
(Zane et aI., 2002). Within Trichostrongylus, the genus in which most 
of the markers originated, the success rate was 2 of 22. Grillo et al. 
(2006) achieved a similar success rate of I of 12 in transferring micro-
satellites from Haemonchus to Teladorsagia, which diverged about 25 
Mya (Hoberg and Lichtenfels, 1994). Taken together, the results of this 
study and those of Grillo et al. (2006) support the relationship between 
taxonomic distance and success and suggest that a similar rate of trans-
ferability may apply to other trichostrongyloid species. 
Another factor limiting the probability of cross-amplification could 
be that T. tenuis is basal to the rest of its genus (see Fig. 1) and is 
known to have distinct genetic differences compared with other Tricho-
strongylus species (Hoste et a!., 1998). Thus, the low success within 
Trichostrongylus may be a result of the unavailability of microsatellites 
isolated from Trichostrongylus species with close relatives. The poten-
tial of cross-species amplification for finding new markers is likely to 
increase when microsatellite markers, which as yet are rare in parasitic 
nematodes, have been developed' de novo from greater numbers of spe-
cies. 
While rates of cross-species amplification were similar between au-
tosomal and X-linked microsatellites (the 7 autosomal microsatellites 
amplified in 11 out of 42 trials, whereas for the 2 X-linked microsat-
ellites the success level was 3 out of 12), it is noteworthy that both of 
the X-linked and none of the autosomal microsatellites revealed intra-
specific variation, suggesting higher levels of micro satellite variation on 
the X chromosome despite its lower effective population size. This ob-
servation could be explained either by higher mutation rates or by bal-
ancing selection. Wilson et al. (2004) also observed greater success for 
cross-species utility by X-linked microsatellites in aphids. In contrast to 
our results, the extent of amplification, but not polymorphism, was high-
er in X-linked loci, possibly as a result of less mutation in females 
(Vicoso and Charlesworth, 2006) or stabilizing selection on closely 
linked genes, perhaps responsible for sex determination. 
Although the results of the present investigation are promising, they 
do not show as great an extent of cross-species amplification as in other 
types of organism (Peakall et aI., 1998; Torres et aI., 2004; Wilson et 
aI., 2004). This may be due to the relative antiquity of nematodes in 
comparison with the taxa in which other similar investigations have 
been conducted, leading to a comparatively greater occurrence of allele 
loss due to mutation in primer binding sites. Nevertheless, given that 
de novo micro satellite development is also considerably less efficient 
in nematodes than in other taxa, we conclude that cross-species ampli-
fication of nematode microsatellites is likely to be worthwhile over short 
evolutionary distances, although the widespread use of this technique 
is currently limited by the small number of species for which micro-
satellites have been developed. ' 
We would like to thank Barbara Wimmer and Barbara Craig (Uni-
versity of Edinburgh) for providing DNA extractions from adult male 
T. circumcincta, T. vitrinus, T. axei, and Nematodirus spp.; John Gil-
leard and Victoria Grillo for providing nematode samples and micro-
satellite primers and for commenting on this manuscript; and Kate Orr 
for technical assistance. Two anonymous reviewers also provided help-
ful comments on an earlier draft of this manuscript. 
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Why Museums Matter: A Tale of Pinworms (Oxyuroidea: Heteroxynematidae) Among 
Pikas (Ochotona princeps and O. collaris) in the American West 
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ABSTRACT: Permanent and well-supported museum or natural history collections provide a solid foundation for the process of 
systematics research through creation of an empirical record which validates our understanding of the biosphere. We explore the 
role of museums in ongoing studies of the complex helminth fauna characteristic of pikas (Ochotona spp.) in the American west. 
These studies address the taxonomy for pinworms of the Labiostomatinae and the problems associated with the absence of 
adequate type series and vouchers and with misidentifications in original descriptions, We demonstrate that the types for La-
biostomum (Labiostomum) coloradensis are identical to some specimens in the syntype series representing L. (Eugenuris) utah-
ensis, although the published descriptions are in disagreement. Both are identical to L, (Eugenuris) talkeetnaeuris and, as a 
consequence, are reduced as junior synonyms. Only 2 species of large pinworms, namely L. (Labiostomum) rauschi and L. 
(Eugenuris) talkeetnaeuris, are widely distributed in Ochotona collaris and O. princeps. Although this serves to clarify the 
taxonomy for species in these genera, prior records remain confused, as representative voucher specimens from all major surveys 
in North America were never submitted to museum collections. We strongly suggest that type and voucher series should not be 
held in private or personal collections, where such are eventually lost, discarded, or destroyed through neglect due to inattention 
and the absence of curation. The potential to accumulate meaningful baselines for assessment of environmental change is jeop-
ardized if materials from survey and inventory are not routinely submitted to museum collections. The capacity of museum 
repositories, as a focus for systematics, ecology, and evolutionary studies and for the development of resources for biodiversity 
informatics, continues to be undervalued and poorly utilized by a cadre of scientists who are dependant on accurate and definitive 
information that transcends specific disciplines. 
In biology and parasitology, confusion over issues of tax-
onomy and the host and geographic distributions of species are 
not uncommon. In resolving such challenges, natural history 
collections and the specimens held in such museum repositories 
are critical, whether these represent irreplaceable type series or 
the vouchers that document associations on varying temporal 
and spatial scales. Specimens, associated data, and permanent 
collections provide a solid foundation for the process of sys-
tematics research through creation of an empirical record, 
which validates our understanding of the biosphere. Increasing-
ly, collections reside at the core for development of resources 
for biodiversity informatics, which embody a synoptic under-
standing or summary of knowledge about the identity, geo-
graphic distribution, ecology, phylogeny, population structure, 
and history of organismal diversity (Brooks and Hoberg, 2000; 
Wilson, 2000; Hoberg, 2002; Cook et al., 2005; Wandeler et 
aI., 2007). Concurrently, collections serve as historical and en-
vironmental baselines with which to assess ecological pertur-
bations and changing faunal structure, including invasive spe-
cies and emerging diseases, emanating from such processes as 
global climate warming and other anthropogenic and natural 
phenomena (e.g., Hoberg et aI., 2003; Brooks and Hoberg 2006, 
2007; Hoberg et al., 2008). 
Here, we explore a range of taxonomic (nomenclatural) and 
biogeographic questions about pinworms and the complex hel-
minth fauna in the American pika (Dchotona princeps [Rich-
ardson]) and collared pika (D. collaris [Nelson]), which em-
phasize the critical nature of specimen-based collections. Tax-
onomic conclusions that emerge from these evaluations among 
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the Labiostomatinae Akhtar, 1956 (Oxyuroidea: Heteroxyne-
matidae Skriabin and Shikhobalova, 1948) provide a necessary 
framework for geographically fine-scale and detailed analyses 
of population structure and phylogeography for hosts and par-
asites across the intermountain west of North America (K. E. 
Galbreath, unpubI. obs.). Our primary focus, however, address-
es why and how we choose, as a scientific community, to use 
specimens-based collections held in museum repositories, as 
well as the idea that a major cultural change is necessary. 
Pikas are small lagomorphs that are distributed primarily in 
alpine-talus habitats and, in western North America, are rep-
resented by D. collaris at high latitudes and by D. princeps at 
boreal to temperate latitudes (Smith et aI., 1990). These rela-
tively obscure lagomorphs have received considerable attention 
as crucial bio-indicators of historical environmental structure 
across western North America during the late Pleistocene and 
Quaternary (Hafner, 1993; Hafner and Sullivan, 1995). An un-
derstanding of the intricate biogeographic history for pikas has 
also contributed to interest in documenting the complex nature 
of the parasite fauna associated with these lagomorphs, both in 
North America and more broadly in the Holarctic (e.g., Gvoz-
dev, 1956, 1962; Gvozdev et aI., 1970; Hoberg, 2005). 
The pinworm fauna described from pikas is rich and com-
plex. The Herteroxynematidae contains the Labiostomatinae, a 
putative monophyletic group of genera in lagomorph hosts that 
includes Ochotonidae and Leporidae; considered here based on 
the current taxonomy according to Petter and Quentin (1976), 
are Dermatoxys Schneider, 1866, Labiostomum (Labiostomum) 
Akhtar, 1941, Labiostomum (Eugenuris) (Schulz, 1948), and 
Cephaluris Akhtar, 1947. Since inception of the subfamily, pro-
posals for considerable rearrangements have been entertained 
(reviewed in Akhtar, 1941, 1947, 1953, 1956; Inglis, 1959; See-
see, 1973; Quentin, 1975; Grundmann and Lombardi, 1976). 
For example, Pikaeuris Akhtar, 1953 was reduced as a synonym 
of Eugenuris by Akhtar (1956), whereas the initially indepen-
dent Eugenuris was synonymized with Labiostomum by Inglis 
(1959). Further, Gvozdev (1956, 1962) considered, incorrectly, 
that Eugenuris was a junior synonym of Dermatoxys. 
Among this assemblage of hosts and parasites, multi-species 
infections in single hosts are not uncommon (Hobbs, 1980). 
This observation, in conjunction with the difficulty in distin-
guishing among closely related genera and species, particularly 
for L. (Labiostomum) and L. (Eugenuris), has led to a consid-
erable number of divergent opinions about faunal diversity for 
pinworms in pikas (e.g., Akhtar, 1956, 1958; Inglis, 1959; Lei-
by, 1961; Seesee, 1973; Quentin, 1975; Hobbs, 1976; Grund-
mann and Lombardi, 1976). Additionally, assumptions about 
host-specificity and extreme geographic isolation for host pop-
ulations further influenced ideas about biogeography and host 
associations for parasites in the American pika and the collared 
pika. 
THE CAST OF PLAYERS-PINWORMS IN PIKAS 
Specimens representing pinworms in O. collaris and O. prin-
ceps, from localities across western North America, were eval-
uated. We report taxonomic conclusions that will provide con-
text for broader surveys and analyses of species diversity and 
the phylogeography of helminth faunas among populations of 
these host species (K. E. Galbreath and E. P. Hoberg, unpubl. 
obs.). This does not, however, presume to constitute a formal 
or synoptic taxonomic revision of this group of oxyurids. 
Acronyms for specific museum or field collections include: 
USNPC (U.S. National Parasite Collection), BCP (Beringian 
Coevolution Project), and KEG (K. E. Galbreath). Where pos-
sible, the type specimens or series were examined, apd attempts 
were made to locate catalogued museum materials and vouchers 
representing prior published field-studies dealing with pin-
worms in species of Ochotona from North America. Additional 
specimens were derived from geographically extensive field 
surveys represented by the BCP and those conducted by KEG 
for coevolutionary and phylogeographic studies of hosts and 
parasites (to be reported in detail elsewhere). 
Nematodes were cleared in phenol-alcohol (80 parts melted 
phenol crystals and 20 parts absolute ethanol) and studied in 
temporary whole-mounts under differential interference con-
trast with a Zeiss Axiophot compound microscope (Carl Zeiss 
Incorporated, Thornwood, New York). Lip structure, considered 
by some to be diagnostic in this group at the species-level (e.g., 
Akhtar, 1956; Grundmann and Lombardi, 1976), was evaluated 
based on en face views from hand-cut specimens mounted in 
glycerine jelly. Photomicrographs were prepared using a Nikon 
DXM 1200F digital camera system (Nikon Instruments Incor-
porated, Melville, New York); line drawings were prepared us-
ing a drawing tube. The comparisons focus primarily on a series 
of structural attributes in males and females, with lesser em-
phasis on meristic data due to the limited numbers of specimens 
available in the respective type series; all measurements are 
reported in micrometers unless specified otherwise. 
Type specimens examined: (1) L. coloradensis Leiby, 1961, 
holotype male and alloptype female in O. princeps from Col-
orado, under USNPC 39443, re-determined as L. (E.) talkeet-
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naeuris; (2) E. utahensis Grundmann and Lombardi, 1976, syn-
type males (6 specimens) and females (3 specimens) in O. prin-
ceps from Utah, under USNPC 73259, re-determined as L. (E.) 
talkeetnaeuris; (3) L. (Eugenuris) sp., from Grundmann's syn-
type females (2 specimens) for E. utahensis, re-determined un-
der USNPC 101091. 
Other specimens examined: (1) L. (Labiostomum) rauschi 
Akhtar, 1956 voucher specimens: USNPC 101096 (BCP 9737) 
in O. collaris, Lake Clark National Park, Alaska; USNPC 
101097 (BCP 49536) in O. collaris, Yukon-Charley National 
Park, Alaska; USNPC 101093 (KEG 377) in O. collaris from 
Northwest Territories, Canada; USNPC 101095 (KEG 433) in 
O. princeps from Grande Cache, Alberta, Canada; USNPC 
101092 (KEG 337) in O. princeps from Gifford-Pinchot Na-
tional Forest, Washington State. (2) D. veligera, voucher fe-
males (2 specimens) in O. collaris from Alaska, under USNPC 
26485, re-determined as L. (L.) rauschi. (3) L. (Eugenuris) tal-
keetnaeuris Akhtar, 1956 voucher specimens: USNPC 101103 
(KEG 377) and 101102 (KEG 375) in O. collaris from Jawbone 
Lake, Northwest Territories, Canada; USNPC 101099 (BCP 
9737) and 101104 (BCP 9635) in O. collaris from Lake Clark 
National Park, Alaska; USNPC 101100 (BCP 49518) and 
101101 (BCP 49340) in O. collaris from Yukon-Charley Na-
tional Park, Alaska; USNPC 101105 (KEG 488) in O. princeps 
from Mackenzie Pass, Oregon; and USNPC 101098 (BCP 
7687) in O. hyperborea from Yttgran Island, Chutkhotka, Rus-
sia. 
COMPARISONS AMONG SPECIMENS 
We examined and compared the types for L. (L.) coloradensis 
and L. (E.) utahensis and representative vouchers of L. (E.) 
talkeetnaeuris and L. (L.) rauschi during the current study 
(Figs. 1-22). Further, we compared these observations with the 
original descriptions attributable to respective species (Akhtar, 
1956; Leiby, 1961; Grundmann and Lombardi, 1976). The type 
series for the latter 2 species, originally deposited by Akhtar 
(1956) in the collections of the Pakistan Zoological Survey, 
Karachi, Pakistan, were not immediately available. 
Type specimens for L. (Labiostomum) coloradensis: Leiby 
(1961) apparently described this species based on 3 male and 
8 female nematodes in O. princeps from Gunnison, Colorado, 
but only deposited 2 specimens in the USNPC. These "type 
specimens," a presumptive male holotype and female allotype, 
were not clearly designated in the original description; other 
specimens were not deposited. The male was represented by a 
tail in ventral orientation, mounted permanently in glycerine 
jelly (Fig. 19). Length of the tail in this specimen is 597 (355 
in the original description) and ventral crests initiate near 416 
anterior to the cloaca. Caudal papillae include 6 pairs, and 2 
massive median or double papillae form a ventral cushion on 
the posterior margin of the cloaca (Fig. 19). The anterior-most 
pair, or first, have prominent elongate bases, with tips turned 
ventrally along the margin of the cloaca. The third pair is bi-
lobed in appearance, each with a prominent inflated base. The 
female allotype is large, about 19 mm in length and 356 in 
width at the vulva. The cephalic extremity lacks an inflation, 
and prominent cervical alae are present laterally (Fig. 1). The 
esophagus, including the bulb, is 1,249 in length. The promi-
nent, beak-like vulva is situated at 8,979 from the cephalic ex-
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FIGURES 18-22. Labiostomum (Eugenuris) talkeetnaeuris and L. (Labiostomum) rauschi showing structure and distribution of caudal papillae 
in male specimens; drawn at same scale. Shown is ventral view at level of cloaca, bordered by body wall and lateral caudal alae. (18) Voucher 
specimen of L. (E.) talkeetnaeuris, USNPC 101103 in O. collaris showing 2 preanal pairs, 1 adanal pair with inflated bases, 3 postanal pairs, and 
massive double papillae forming ventral cushion on median line. (19) Holotype male for L. (L.) coloradensis, USNPC 39443 in O. princeps. (20) 
Syntype male of L. (E.) utahensis, USNPC 73259 in O. princeps. (21) Voucher specimen of L. (L.) rauschi, USNPC 101093 in O. collaris, 
showing 2 preanal pairs and 3 postanal pairs, and massive double papillae on midline forming ventral cushion posterior to cloaca. (22) Voucher 
specimen of L. (L.) rauschi, USNPC 101095 in O. princeps. 
tremity (Fig. 4). The tail is elongate and filiform, 2,574 in 
length (Fig. 11). Eggs have a single operculum and measure 
107-109 long and 52-57 wide. The range of diagnostic char-
acters demonstrated in the male and female type specimens con-
trasts considerably from the original description presented by 
Leiby (1961) and is incompatible with species of L. (Labio-
stomum), according to Petter and Quentin (1976). 
Type specimens for L. (Eugenuris) utahensis: Grundmann 
and Lombardi (1976) described this species based on 17 male 
and 15 female specimens in O. princeps from Utah; only 6 
males and 5 females were deposited in the syntype series in the 
USNPC; specimens were not deposited in other museum col-
lections. Among males, 6 specimens larg~ly conform to the 
original description and include relatively large worms to near 
11 mm in total length, with the tail being 575-615 long (Fig. 
14). Caudal papillae include 6 pairs, and massive double pa-
pillae form a ventral cushion on the posterior margin of ~e 
cloaca (Figs. 15, 20). Ventral crests initiate at 588-594 antenor 
to the cloaca. Among females, 3 specimens conform to the orig-
inal description and are represented by large worms, near 16-
18 mm in total length, lacking a cephalic capsule but with an 
elongate filiform tail exceeding 2 mm in length (Fig. 12) and 
with a prominent beak-like vulva (Figs. 5, 7). The remaining 2 
specimens (not shown), including a fully gravid female, ~e 
considerably smaller, 8.6 and 9.1 mm in total length and WIth 
a filiform tail 910 and 1,080 long; the vulva is smooth and 
lacking a prominent beak-like protuberance. 
Voucher specimens for L. (Eugenuris) talkeetnaeuris: Akhtar 
(1956) described this species based on specimens collected by 
Robert L. Rausch in O. collaris from the Talkeetna Mountains, 
Alaska. Our specimens in O. collaris from the Northwest Ter-
ritories and Alaska, "those in O. princeps from Oregon, and 
those in O. hyperboea from Chukhotka conform to the original 
description (Figs. 2, 8, 9, 16, 17, 18). Male specimens are rel-
atively large worms measuring about 9-10 mm in total length, 
with the tail 554-742 long (Fig. 16). Caudal papillae include 6 
pairs, and massive double papillae form a cushion on the pos-
terior margin of the cloaca (Figs. 17, 18). Ventral crests initiate 
at 693-861 anterior to the cloaca. Female specimens are rep-
resented by large worms, from 18-21 mm in total length, with 
prominent cervical alae but lacking a cephalic capsule (Fig. 2!; 
an elongate filiform tail is 2,445-2,908 in length. The vulva IS 
prominent and beak-like (Figs. 8, 9) and situated at 8,563-9,553 
from the cephalic extremity. Eggs measure 96-111 long by 47-
52 wide. 
Voucher specimens for L. (Labiostomum) rauschi: Akhtar 
(1956) described this species based on specimens collected by 
Robert L. Rausch in O. collaris from the Talkeetna Mountains, 
Alaska. Our specimens in O. collaris from the Northwest Ter-
ritories and Alaska, and those in O. princeps from Washington 
and Alberta, conform to the original description (Figs. 3, 6, 10, 
13, 21, 22). Males and females have a prominent cephalic cap-
sule (Fig. 3). Males are relatively large worms, measuring lO-
II mm in total length and with a tail 514-569 long. Caudal 
papillae include 5 pairs, and prominent double papillae form a 
ventral cushion on the posterior margin of the cloaca (Figs. 21, 
22). Ventral crests initiate at 539-630 anterior to the cloaca. 
Among females, total length ranges from 16-20 mm, the tail is 
1,831-2,336 long and inflated with a relatively blunt tip (Fig. 
13), and the vulva with ventral flap is 8,959-9,256 from the 
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cephalic extremity (Figs. 6, 10). Eggs measure 94-101 long by 
44-49 wide. 
TAXONOMIC CONCLUSIONS 
The holotype and allotype for L. (L.) coloradensis were 
found to be identical to some specimens in the syntype series 
representing L. (E.) utahensis, although the figures and written 
descriptions of the 2 species do not agree (Leiby, 1961; Grund-
mann and Lombardi, 1976). Both lots of type specimens rep-
resent L. (Eugenuris), and neither is compatible with L. (La-
biostomum) as demonstrated by comparisons to L. (L.) rauschi. 
Further, we examined "unequivocal voucher specimens" attri-
buted to L. (Eugenuris) talkeetnaeuris in both O. collaris and 
O. princeps and found these to be identical with the type spec-
imens for L. (L.) coloradensis and L. (E.) utahensis. Addition-
ally, the syntypes deposited by Grundmann and Lombardi 
(1976) clearly contained 2 species, a large form (on which the 
description was based) that represents L. (E.) utahensis and a 
small form that remains undescribed (USNPC 101091). 
The term 'unequivocal' voucher' is introduced here for ma-
terials such as those representing L. (E.). talkeetnaeuris for 
which the original types, possibly still held in Pakistan, were 
simply not available. This concept relates to the idea that spec-
imens referred to this species, from multiple and geographically 
widespread localities, were identical in all critical morpholog-
ical details to those in the original description; genetic variation 
demonstrated among these parasites was further consistent with 
a single species (K. E. Galbreath and E. P. Hoberg., unp~bl. 
obs.). Although not collected specifically from the type lOCalIty, 
all specimens examined by us were derived from the type host 
across a range of localities at high latitudes which geographi-
cally bracket the Talkeetna Mountains, where the original spec-
imens were collected by R. L. Rausch. Consequently, we con-
sider the identification to be unequivocal and feel that these 
current voucher specimens can serve as a basis for comparison. 
Therefore, due to the identity of these 3 nominal species, L. 
(L.) coloradensis and L. (E.) utahensis are reduced as junior 
synonyms of L. (E.) talkeetnaeuris through application of pri-
ority (Article 23, ICZN, 1999). In this case, although the de-
scription by Leiby (1961) refers to a species of L. (Labiosto-
mum) for L. coloradensis, it is the "name bearing type speci-
mens" representing L. (Eugenuris) that determines the identity 
(Article 72, ICZN, 1999). Additionally, the large syntype spec-
imens and description of E. utahensis provided by Grundmann 
and Lombardi (1976) apply to L. (E.) talkeetnaeuris, although 
the syntype series represents a composite; the small forms of 
L. (Eugenuris) sp. (USNPC 101091) are a putative, undescribed 
species that should be dealt with in a separate study. 
CONCLUSIONS 
Setting the stage-pinworm taxonomy: Understanding the di-
versity of the pinworms associated with species of pikas from 
North America has been plagued by a convergence in taxonom-
ic problems: (1) confusion and inconsistency over a period of 
years in application of generic names for an array of species of 
oxyurids; (2) misidentifications involving type specimens and 
species descriptions based on composites; (3) inaccurate de-
scriptions; (4) incomplete comparisons to establish identity of 
various species; and (5) absence of adequate type series or de-
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position of representative voucher specimens to museum re-
positories to document the results of survey and inventory. Ex-
ploring this morass serves as a prime example of the importance 
of type and voucher specimens, and the role of museum repos-
itories, which are the critical cornerstones for documenting spe-
cies diversity and the history of faunal structure (Brooks and 
Hoberg, 2000; Hoberg, 2002). 
A series of taxonomic decisions for Labiostomum, Eugenuris, 
and Dermatoxys served to confuse the understanding of generic 
diversity for oxyurids among Ochotonidae. Such taxonomic 
proposals, and whether or not these were rejected or accepted 
by various authors, had a considerable influence on the generic 
and species diversity that was eventually r~ported in various 
surveys of parasites among pikas. The discussion will be cen-
tered on Labiostomum and Eugenuris and, to a lesser extent, 
other genera of Labiostomatinae. Among other attributes, L. 
(Labiostomum) Akhtar, 1941 is characterized by an inflated ce-
phalic bulb, a single preanal crest in males, and an inflation 
near the termination of the tail in females (also Quentin, 1975; 
Petter and Quentin, 1976) (Figs. 3, 13). In contrast, L. (Eugen-
uris) (Schulz, 1948) is characterized by the absence of an in-
flated cephalic bulb, but with a single preanal crest in males 
and a narrow, tapering, filiform tail in females (Akhtar, 1956) 
(Figs. 1,2, 11, 12). Otherwise, the structure of the male caudal 
papillae is similar across species relegated to these subgenera, 
although interspecific differences remain important in species 
recognition (Inglis, 1959; Quentin, 1975) (Figs. 15-22). In con-
trast, Cephaluris is distinguished by the presence of a pair of 
cephalic shields, and Dermatoxys is distinct among this group 
of genera, based on the presence of 3 preanal crests (Akhtar, 
1947; Petter and Quen,tin, 1976). In addition, Labiostomum and 
Cephaluris are specific among hosts of the Ochotonidae, where-
as Dermatoxys is found among the Leporidae. 
Leiby (1961) deposited 2 specimens, a male tail and an intact 
female, from among 3 males and 8 females mentioned as the 
type series for L. coloradensis; it is now certain that Leiby had 
representatives of 2 species referable to different subgenera, 
namely L. (Labiostomum) and L. (Eugenuris). Apparently, spec-
imens representing both subgenera may have been included in 
the written description. The figures of the female were based 
on L. (Labiostomum) (the cephalic and caudal regions); the or-
igin (specimen) of the figure for male caudal structures cannot 
now be assigned and does not represent the holotype. Although 
a putative species of L. (Labiostomum) was described, only 
specimens of L. (Eugenuris) were deposited in the USNPC and, 
thus, the types were misidentified. The type specimens, both 
the male holotype and female allotype, attributed to L. color-
adensis do not agree with either the written description or mea-
surements, and the published figures and scale bars are incorrect 
(Leiby, 1961) (Figs. 1, 2, 11, 19). There are no longer any 
representatives of true L. (Labiostomum) in these collections, 
but some aspects of the description suggest that Leiby's account 
is consistent with that of L. (Labiostomum) rauschi. At the time 
of the description, Leiby (1961) rejected the taxonomic deci-
sions proposed by Inglis (1959) for the synonymy of Labio-
stomum and Eugenuris. 
Grundmann and Lombardi (1976) described E. utahensis ap-
parently based on 17 male and 15 female specimens; only 6 
males and 5 females were deposited in the syntype series in the 
USNPC. Some, but not all, of the specimens in the type series, 
and the description are internally consistent, and this species 
was correctly referred to Eugenuris. At the time of the descrip-
tion, these authors apparently rejected the synonymy of Der-
matoxys and Eugenuris proposed by Gvozdev (1956), or of Eu-
genuris and Labiostomum proposed by Inglis (1959), and ap-
peared to be unaware of decisions for generic taxonomy out-
lined by Quentin (1975) and Petter and Quentin (1976). 
Specimens of E. utahensis were only compared to published 
descriptions of E. talkeetnaeuris Akhtar, 1956 and E. schumak-
hovitschi Schulz, 1948, but not to those for species of Labio-
stomum, including L. coloradensis, although the latter species 
was reported in the survey. 
We conclude that the types for L. coloradensis and E. utah-
ensis are identical, based on the current comparisons and, fur-
ther, cannot be distinguished from unequivocal voucher speci-
mens attributed to L. (Eugenuris) talkeetnaeuris in both O. col-
laris and O. princeps. Consequently, due to the identity of these 
3 nominal species, L. (L.) coloradensis and L. (E.) utahensis 
are reduced as junior synonyms of L. (£.) talkeetnaeuris. 
A final confounding variable for understanding parasite di-
versity in American and collared pikas is the common occur-
rence of mixed infections for multiple genera and species in 
single hosts (e.g., Akhtar, 1956, 1958; Hobbs, 1976, 1980). Fur-
ther, assumptions about host-specificity and extreme geographic 
isolation for host populations contributed to concepts about spe-
cies diversity, distribution, and associations of various species 
of pinworms in either O. collaris or O. princeps and suggested 
that the faunas should be strongly segregated or partitioned 
(e.g., Grundmann and Lombardi, 1976). Nematodes in the sub-
genera L. (Labiostomum) and L. (Eugenuris) are morphologi-
cally similar, leading to misidentifications if specimens are su-
perficially examined. Such mixed infections have had conse-
quences in taxonomy, as 3 species in 3 genera were originally 
based on composites. Hobbs (1976) discussed this problem for 
C. coloradensis Olson, 1949. We have explored the ramifica-
tions of this problem for newly recognized composites, involv-
ing multiple species represented in the original descriptions or 
type series for L. (L.) coloradensis and L. (E.) utahensis, as 
well as the resulting complications for nomenclature and for 
understanding the distribution and structure of biodiversity. 
These conclusions may serve to resolve the identity of pin-
worms reported from pikas in prior surveys in western North 
America. We suggest that single species of L. (Labiostomum) 
and L. (Eugenuris), both representing large pinworms, are wide-
ly distributed in O. collaris and O. princeps. Thus, prior records 
in 0 princeps attributed to L. coloradensis are probably con-
sistent with L. (L.) rauschi, whereas those for E. utahensis rep-
resent L. (E.) talkeetnaeuris (Barrett and Worley, 1970; Seesee, 
1973; Grundmann and Lombardi, 1976; Hobbs, 1980); neither 
species had been recognized previously in O. princeps. Addi-
tionally, the occurrence of L. (E.) talkeetnaeuris in o. hyper-
borea from Chukhotka would represent both a new host and 
geographic record for this species in the Palearctic. These con-
clusions are not yet definitive and remain to be confirmed, al-
though the identity of large pinworms in both subgenera ap-
pears unequivocal. Additional, currently undescribed diversity 
for species of small pinworms, in both subgenera among pop-
ulations of O. princeps, has been demonstrated by integrated 
molecular and morphological studies (K. E. Galbreath and E. 
P. Hoberg, unpubl. obs.). Finally, the possibility of sorting out 
prior records in North America is now limited by the absence 
of vouchers from earlier studies. 
Since 1938, there have been 5 published studies (excluding 
explicit taxonomic diagnoses and descriptions) which, in part, 
have dealt with reports of pinworms among species of pikas, 
including O. collaris or O. princeps from North America. Iden-
tification of materials from many of these studies cannot now 
be confirmed reliably due to the absence of any voucher ma-
terials. Additionally, the type series for the North American 
species, C. alaskensis, E. talkeetnaeuris, and L. rauschi are not 
readily available, as specimens were originally deposited in var-
ious museum collections of the Pakistan Zoological Survey, Ka-
rachi, (Akhtar, 1956, 1958). 
Barrett and Worley (1970) examined par~sites in O. princeps 
vento rum Howell and reported L. coloradensis and C. colora-
densis. Specimens of Eugenuris were not reported, and vouch-
ers were not deposited concurrent with the study. Specimens 
were received posthumously from the D. Worley collections by 
the Harold W. Manter Laboratory, University of Nebraska, but 
critical material from pikas could not be located (S. L. Gardner, 
pers. comm.). 
Seesee (1973) examined parasites in O. princeps from north-
ern Idaho and reported Labiostomum sp. and Dermatoxys sp. 
In this study, L. coloradensis is not identified, but is included 
in a key for parasites in pikas. Seesee (1973) must have con-
sidered his specimens to be distinct from both L. coloradensis 
and L. rauschi, although papers by Leiby (1961) and Akhtar 
(1956) are cited. In 1973, following Gvozdev (1956, 1962), but 
not Inglis (1959), Eugenuris was considered a synonym of Der-
matoxys, thus accounting for the report of the latter genus and 
also the reference toD. talkeetnaeuris. It appears possible that 
specimens reported li:s Dermatoxys sp. by Seesee (1973) in O. 
princeps represented E. utahensis, now referable to L. (E.) tal-
keetnaeuris. 
Grundmann and Lombardi (1976) conducted surveys of sub-
species of O. princeps in Utah and Nevada. Eugenuris utahensis 
(discussed above) was described and L. coloradensis was re-
ported, but again, no vouchers of the latter were made available 
to any museums at the time of the study; materials from the 
collections of A. W. Grundmann are now held in the Harold W. 
Manter Laboratory (HWML), University of Nebraska, Lincoln, 
but specimens from pikas could not be located (S. L. Gardner, 
pers. comm.). The status of Eugenuris was addressed in their 
study, and the proposal by Inglis (1959) was rejected. In this 
case, specimens reported as L. coloradensis would probably 
represent L. (L.) rauschi. 
Hobbs (1980) conducted surveys and comparative studies of 
the community ecology of pinworms in O. princeps and o. 
collaris, but representative vouchers were not deposited. Eu-
genuris sp. A., an apparently undescribed species, and L. co-
loradensis were reported as parasites in O. princeps; the former 
is referable to either L. (E.) talkeetnaeuris or to an undescribed 
species-if specimens represent the "small form" reported in 
the current study. Hobbs (1980) apparently did not see the work 
by Grundmann and Lombardi (1976). There is no basis for 
identification of L. coloradensis by Hobbs (1980), as Leiby 
(1961) is not in the literature cited; E. talkeetnaeuris and L. 
rauschi were reported in O. collaris. 
Confusion over the identity of "L. coloradensis," and the 
absence of voucher specimens in these prior studies, raises 
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questions about the identity of specimens reported as Labio-
stomum or Eugenuris in O. princeps. Extensive new collections 
(site intensive and geographically extensive) across the geo-
graphic distribution of O. princeps from northwestern North 
America, and more-limited material in O. collaris from the 
Northwest Territories and Alaska (K. E. Galbreath and E. P. 
Hoberg, unpubl. obs.), have failed to reveal specimens that 
agree with the description of L. coloradensis provided by Leiby 
(1961). Specimens examined from either O. collaris or O. prin-
ceps were consistent with L. (Labiostomum) rauschi (not pre-
viously reported in the latter pika). 
Considering other records of pinworms in pikas, Inglis 
(1959) speculated that specimens attributed to Dermatoxys sp. 
in O. collaris from Alaska by Philip (1938) represented a spe-
cies of Cephaluris. Records for these specimens in the USNPC 
indicated identification as D. veligera by J. T. Lucker in 1937, 
although parasites of this genus are typically associated with 
Leporidae and not with Ochotonidae. Our examination of these 
specimens demonstrated the 2 female specimens to be L. (La-
biostomum) rauschi (USNPC 26485.02), thus clarifying this 
formerly enigmatic record. 
Significantly, these specimens deposited by Phillip (1938), 
and now redetermined as L. rauschi, represented the only 
voucher material for oxyurids or other nematodes submitted to 
the USNPC across a range of survey and ecological studies of 
parasites in O. collaris or O. princeps from North America 
(Barrett and Worley, 1970; Seesee, 1973; Grundmann and Lom-
bardi, 1976; Hobbs, 1980). The only exceptions, where speci-
mens were deposited, involved taxonomic descriptions. In this 
case, the types for L. coloradensis and E. utahensis were sub-
mitted (USNPC 39443, USNPC 73259) and some, but not all, 
specimens of Cephaluris represent the redescriptions of C. alas-
kensis and C. coloradensis by Hobbs (1976); no other materials 
representing pinworms from published field collections are cur-
rently in catalogued museum repositories. 
Although the practice for submission of vouchers has become 
increasingly common, there remains no generalized require-
ment, on the part of all journals that publish the results of sur-
vey and inventory or, more specifically, ecological investiga-
tions, for the submission of definitively identified vouchers. 
Concurrently, not all molecular- and sequence-based investi-
gations are accompanied by representative specimens that val-
idate the identity of the organisms under examination. In the 
case that we have outlined, the absence of vouchers, in con-
vergence with a dynamically changing taxonomy, considerably 
confused our understanding of geographic distribution and di-
versity for the oxyurid fauna in species of Ochotona from North 
America. This is but one small example of the degree of po-
tential complexity that emerges from the absence of adequate 
type series or representative voucher specimens. 
Pikas and pinworms provide a powerful example of why 
specimens and surveys are important and of why museum col-
lections should serve a vital arid central role in the exploration 
of diversity. Natural history collections are most useful when 
they provide a synoptic view of diversity. Such a view of di-
versity only emerges if museum repositories are supported and 
if a culture exists in science that values and contributes to the 
development of specimen-based collections having considerable 
scope and depth; or, put another way, we require collections 
that provide a detailed representation of the biosphere extending 
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hierarchically from higher taxa to populations. (Brooks and 
Hoberg, 2000, 2006, 2007; Hoberg, 2002). This point is further 
emphasized in the context of baselines for documenting faunal 
stability and change that are particularly significant now in a 
regime of accelerated ecological perturbation, including the cas-
cading effects of climate warming (Hoberg et aI., 2003; Brooks 
and Hoberg, 2007; Hoberg et aI., 2008). Patterns for the distri-
bution of pathogens and emergent diseases cannot be under-
stood unless considered in an historical framework that can only 
be articulated from empirical data derived from geographically 
extensive inventories, with arrays of specimens represented in 
museum collections (Brooks and Hoberg, 2006; Hoberg and 
Brooks, 2008). 
It is important that large or complete series of specimens be 
deposited, either as a basis for taxonomic description or as those 
that document host and geographic associations, from extensive 
and intensive survey and inventory and from ecological inves-
tigations exploring processes at varying temporal and spatial 
scales (Hoberg et al., 2003; Cook et aI., 2005). Deposition of 
a single type specimen, or of a limited number of vouchers, is 
clearly insufficient. It is only through accumulation of synoptic, 
representative series that a species or host-parasite association 
is well characterized, and a foundation can then be established 
with which to assess morphological or molecular variation at 
both the interspecific and intraspecific levels. Further, it is es-
sential that any molecular-based investigations, extending 
across the continuum from higher-level systematics to popula-
tion structure within species and phylogeography, be soundly 
backed by definitively identified specimens that become the 
ph)lsical vouchers for explorations of the origins and distribu-
tion of organismal diversity. Such physical specimens can fur-
ther be linked to gene 'products or frozen materials held in ul-
tralow or liquid nitrogen storage. 
We suggest, strongly, that type series or portion~~of type se-
ries should not be held in private or personal collections, where 
some specimens are eventually lost, discarded, or are destroyed 
through neglect due to inattention and the absence of curation. 
Separation of specimens from their original data for field col-
lection represents a considerable challenge and, often, the con-
text is lost for understanding patterns of diversity or life history. 
These aspects of large, orphaned collections pose a substantial 
curatorial burden on museums that are chronically underfunded 
and understaffed. The potential to accumulate meaningful base-
lines for assessment of environmental change is jeopardized if 
fully documented materials from survey and inventory are not 
routinely submitted to museum collections. It is the responsi-
bility of museum repositories to provide for stewardship and 
long-term care of the critical type specimens on which our con-
cepts of diversity are established, as specified in Article 72F of 
the International Code for Zoological Nomenclature (ICZN, 
1999). 
The capacity of museum repositories or natural history col-
lections, as a focus for systematics and the development of re-
sources for biodiversity informatics, continues to be underval-
ued and poorly utilized by a cadre of scientists who are depen-
dant on accurate and definitive information that transcends spe-
cific disciplines (Hoberg, 2002). With global ecosystems in 
rapid transformation and perturbation, we risk loosing critical 
information about biodiversity and about the influence of ac-
celerated ecological change that has consequences for human 
health, sustainability of food resources, conservation biology, 
and the integrity and continuity of natural systems. 
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